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PHYSICAL CHARACTERISTICS OF THE CHEST 
AND LUNGS AND THE WORK OF BREATHING 
IN DIFFERENT MAMMALIAN SPECIES 


By M. L. CROSFILL*® anb J. G. WIDDICOMBE 


From the Department of Physiology, Medical College of 
St Bartholomew's Hospital, London, B.C’. | 


(Received 9 January 1961) 


The most obvious difference in the patterns of breathing in different 
mammalian species is that smal! animals breathe faster than large ones. 
While this may be related to the greater metabolic rate of small animals 
(in terms of body size) this can be only part of the explanation; for the 
normal breathing rate of a mouse is greater than a man can maintain for 
any period of time. Although the factors determining alveolar ventilation 
rate have received considerable attention, the mechanisms which control 
the frequency and depth of breathing are less clear. Otis, Fenn & Rahn 
(1950) have shown that for any given alveolar ventilation rate there is an 
optimal frequency of breathing, and that if a frequency greater or less than 
this is adopted (with corresponding adjustments of the tidal volume to 
maintain the same alveolar ventilation) the work of moving the lungs is 
greater. Christie (1953) has shown that the ‘optimal rate’ is adopted in 
several physiological and pathological conditions, and McIlroy, Marshall & 
Christie (1954) have suggested that the pulmonary stretch receptors 
(mediating the Hering-Breuer inflation reflex) are responsible. Mead 
(1960), on the other hand, has presented results for guinea-pigs and human 
beings indicating that breathing rate and depth are adjusted to keep the 
average force of the respiratory muscles minimal, rather than the work 


performed on the lungs. Whichever view is correct, information on the 


control of respiratory rate and depth needs to be extended, and the 
controlling mechanisms worked out. 

We have assessed the mechanical properties of the lungs in a number of 
different species of experimental mammals to see if the values are con 
sistent with the interspecific differences in breathing pattern, Apart from 
applying the results to the optimal rate hypothesis, the results are values 
for commonly used experimental animals which may be worth recording. 


* Present address: Royal Masonic Hospital, London, W. 6, 
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METHODS 


Animals were anaesthetized with pentobarbitone sodium (Nembutal, Abbott Labora 
tories, Ltd), 32-64 mg/kg intraperitoneally (intravenously in dogs and rabbits). Tracheal 
cannulae were inserted, Intra-ocesophageal preasure was measured, through a saline-filled 
catheter, by a capacitance manometer; the catheter was of length and bore appropriate to 
the species. The frequency response varied with the catheter, but was never less than 75 c/# 
(mice). Intra-oesophageal pressure was rneasured simultaneously with intrapleural pressure 
in cate and rabbits, and was usually a few om H,O above the latter, presumably owing to 
oesophagea! tone and the weight of the thoracic viscera. However, the variations in pressure 
at the two sites agreed well in quiet breathing; intra-oesophageal pressures were therefore 
used to calculate transpulmonary pressure, and were expressed relative to the pressures at 
the end of expiration as zero. During lung inflations intratracheal pressure was measured 
by an air-filled capacitance manometer attached to the tracheal cannula 

Air flow was measured with gauze-screen pneumotachographs. These were similar to, but 
proportionally smaller than, that described for man by Lilley (1950). The pressure differential 
was rneasured by a sensitive capacitance manometer, For mice it was impracticable to make 
a preumotachograph, and flow was assessed by the pressure drop across a constriction in the 
tracheal tube; thia gave a non-limear calibration 

Lung volume changes were usually measured by integrating the flow record; this was done 
either electrically or planunetrically, the latter being more accurate in slow-breathing animals 
owing to the time constant of the electrical integrating circuit (40-80 sec). In some experi 
ments volurne changes were recorded by connecting the pnoumotachograph to a large air 
reservoir and measuring the pressure changes. The reservoir sizes were adjusted to the 
animals tidal volumes, to make sure that the pressure swings were leas than | cm H,O 

C'ompliance, This was measured under static and dynamic conditions. For the former the 
lunge were inflated with various volurnes of air, while measuring intratracheal and intra 
oesophageal pressures. From these a transpulmonary pressure inflation volume curve was 
drawn, with the origin corresponding to values at the expiratory level. As Bernstein (1057) 
has shown for the rabbit, the curves are slightly non-linear, but for comparison between 
different species linearity was assurned (assessed graphically) and the slope was taken as 
the compliance value. Dynamic compliance was calculated during eupnoea (see below) 
Static and dynamic compliance estimates agreed well, and the latter only are given here 

Non-elastic resistance, This waa calculated from the pressure-flow relations during 
eupnoea. Although it was possible to calculate coefficients of non-elastic resistance for 
streamline and turbulent air flow this was not usually done. First, because the turbulent 
resistance was usually far smaller than that for streamline flow and more difficult to estimate 
accurately; secondly, because the coefficients (as measured in these experiments) would 
include a factor due to tissue viscosity ; and thirdly because the use of two coefficients makes 
comparison between different species more complicated, Plots of air flow in eupnoea against 
the component of transpulmonary pressure causing flow were approximately linear, justifying 
the use of a linear coefficient only. In man the tissue viscous resistance is a small proportion 
(about 10°,,) of total non-elastic resistance (Marshall & Dubois, 1056), and if this ia true for 
the animals used in these experiments then the results mainly refer to airway resistance. 

Non-elastic resistance (2) was calculated from synchronous measurements of air flow (V) 
and intra-ocesophageal pressure difference (P) from that at the expiratory level. These have 


the relationship 


Vv , 
P +R, 
( 


where V is the increase in lung volume above expiratory level and C is the compliance of the 
lungs. The equation is usually solved by measuring P when V = 0 (at the peak of inflation) 


and then calculating C from a knowledge of V. The relationship between P — V/C and V is 
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then plotted graphically to give R. The accuracy of this method depends on measuring P at 
a point of zero air flow, which is difficult to do precisely in rapidly breathing animals, while 
in slowly breathing animals P — V/C is small and difficult to estimate accurately. Greater 
accuracy was obtained by rearranging the equation: 

. + R. 

, rr 
P, V and V were measured at simultaneous times throughout the respiratory cycle, and 
P/V plotted against V V. The resulting line, if straight, cute the ordinate at R, and has 
slope 1/C. This method usually gave straight lines, which suggests that ignoring the 
coefficient of turbulent resistance and the assumption of a linear compliance are both justified. 
A similar method has been used by Nisell & Dubois (1954). 

Chest-wall compliance. This was measured simultaneously with static lung compliance (as 
described above); intra-oesophageal (i.e. trans-chest wall) pressure was plotted against 
inflation volume. The pressure was measured |-2 sec after inflation of the lungs during the 
apnoea caused by the Hering-Breuer reflex. It was assurned that this reflex caused complete 
relaxation of the respiratory muscles. Expiratory muscle tone sometimes rose considerably 
during large inflations, but only late during the reflex apnoea 

Functional residual capacity (F.R.C.). The methods of measuring functional residual 
capacity in man are not easily applicable to small animals. It was therefore determined by 
measuring total lung volume and subtracting the volume of the tiasues; the latter was found 
from the lung weight, assuming a specific gravity of 1. The lungs were removed from the 
chest immediately after clamping the trachea in expiration, and total volume determined by 
immersion in saline. The results may be too low owing to the absorption of gas under the 
elastic tension of the lungs, but the error is probably small. In many animals the ¥.n.c, was 
estimated immediately on opening the chest by withdrawing all possible gas into a syringe; 
on replacement of the gas and determination of the ¥.2.c. as described above, similar but 
slightly larger values were obtained. 

Dead-space volume. Conventional methods for measuring dead-space volume are not 
applicable to small animals, so an estimate was made by taking the dead-space volume as 
equal to one third of the eupnoeic tidal volume. This extremely approximate method of 
assessing dead-apace volume was only needed to apply the optimal rate equations, and its 
validity will be discussed later. The values obtained agree reasonably with rmeasured dead- 
space volumes for the dog (Altman, Gibson & Wang, 1958), cat (Folkow & Pappenheimer, 
1955) and guinea-pig (Amdur & Mead, 1958) 

Work of breathing. This was derived from the formula of Otis et al. (1950), modified to 


exclude the term for work overcoming turbulent resistance. 
ee ws "1 soy Y 
uv aa (pt Yo) +4 PR(V + PVD), 


where W is the rate of work, F is the frequency of breathing, y, ia the alveolar ventilation 
rate and V,, is the dead space volume. V, was calculated from the observed frequency of 
breathing and tidai volume and estimated dead-space volume. The latter was assumed to 
be constant over the range of breathing frequencies, 

The frequency of breathing at which the work on the lungs was minimal was given by 
r J(L+4n* RCO V,/Vy)—1 

2n* RC 

derived from the work equation above (Otis et al. 1950; Mead, 1960). The frequency of 
breathing at which the average force of the respiratory muscles was miniroal was calculated 
from Mead's (1960) equation 


Foy = (F2)' ener. 
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Results are given for four animals of each species. In some species, especially mouse, cat 
and rabbit, many more than four individuals were studied, but if the results were incomplete 
the entire experiment was excluded from the analysis. No exveriments were done on man, 


so for comparison with the other mammals values have been obtained from the literature. 


RESULTS AND DISCUSSION 

The scanty literature on mammalian breathing patterns has been re- 
viewed by Altman ef al. (1958). Most measurements reported there show 
wide scatter in any species and, with exceptions which will be noted, our 
results fall within these variations. Table | gives values for a number of 
respiratory measurements for the eight species. 

Lung specific gravities. Lung densities fall into two groups, those of the 
larger species (monkey, cat, dog and man) being 0-20-0-35 g/ml., and for 
the smaller species (mouse, rat, guinea-pig and rabbit) 0-40-0-51 g/ml. The 
calculated specific gravity of human lung (0-35 g/ml.) may be too high, 
since the method of measuring lung weight in man from iate post-mortem 
specimens probably includes more blood than our method for animals 
involving exsanguination. Spitzka (1904) gives 534 g as the mean weight 
of lungs removed immediately after death from six electrocuted criminals ; 
he described the lungs as ‘ bloodless’. 

Generally speaking the larger the animals of different species the greater 
the alveolar diameter (Macklin & Hartroft, 1940; Aumonier, Crosfill & 
Widdicombe, 1958). The cat is an exception. We therefore expected to 
find a decrease in specific gravity with body size. A clearer distinction, 
however, is between the two groups of species mentioned above. This 
might be correlated with a very thin serous pleura in the four smaller 
species, and a thicker fibrous pleura in the four larger, if the proportion 
of stromal tissue follows the type of pleura 

Lung compliance. The intrapleural-pressure swings to produce tidal 
volume changes do not show great interspecific differences, neither do the 
minute volumes per kilogram body weight, with the exception of man 
lower than average, and rat and mouse, higher. Correlation with body 
surface areas, had they been known, might have given closer values. 

Table 2 gives lung compliances in absolute values, and in terms of lung 
weight and of total lung volume at functional residual capacity level. 


Expressed as compliance per unit total lung volume at functional residual 


capacity level (Fig. 1), there is little interspecific difference, except that the 


rabbit has a high compliance and man a low value. Expressed per gram 
of lung weight (Table 2) compliance increases with specific body size, with 
the exceptions of dog and especially man which have relatively stiff lungs. 

Van Liew (1954) found a lung compliance of 90 ml./em H,O for a dog 


and since it weighed 20 kg this value agrees reasonably with ours. With 
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BREATHING IN VARIOUS MAMMALS : 


nine cats Nisell & Dubois (1954) obtained values of 3-9-10 ml./em H,O, 
but the weights of their cats were considerably less than ours, so again the 
results agree reasonably. For 200 guinea-pigs Amdur & Mead (1958) give 
a mean value of 0-20 ml./em H,O, and even allowing for a weight dif- 
ference this is a considerably lower compliance than our results. The lung 
resistance of their guinea-pigs was also much higher. Kautsky (1957) 
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Fig. 1. Lung and chest-wall compliances per millilitre total lung volume at 


functional residual capacity level. Each horizontal line represents the measure- 


ment from one individual animal. 


measured compliances of cat, rabbit, guinea-pig, rat and mouse; for the 
rabbit and guinea-pig he found lower compliances than ours, but the other 
species give good agreement. 

Chest-wall compliance. The species fell into two groups: the four smaller 
had a high chest-wall compliance per unit lung volume, the four larger 
species a low compliance (Table 2, Fig. 1). Calculated as a ratio of lung 
compliance (Table 2) there was an inverse relationship between chest-wall 
compliance and body size. The measurement of chest-wall compliance was 
based on the assumption that the muscles of breathing were completely 
relaxed when the Hering—Breuer inflation reflex was active, a view which 
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was supported by observation of the animals but not tested by electro- 
myographic recording. Since the functional residual capacity of an animal 
is related both to lung compliance and to chest-wall compliance, the low 
functional residual capacities and high lung specific gravities found in 
mouse, rat, guinea-pig and rabbit may well be related to the high chest- 
wall compliance, the relaxation position of the thorax corresponding to 
a relatively small volume. 


O 


a 





istance (cm 


Res 














Fig. 2. Lung resistance (tissue and lower respiratory tract) per millilitre of total 
lung volume at functional residual capacity level. Each horizontal line represents 


the measurement from one individual animal. Ordinate on log scale. 


Lung resistance. This tended to increase with specific body weight 


(Table 2, Fig. 2), although the dog had a relatively low resistance. The 
great scatter in results for the mouse probably indicates the difficulty in 
making accurate measurements of resistance in this species. Resistance 
for man has been taken as half the published figure for total resistance of 
the lungs and respiratory tract, since about 50°, of the airway resistance 
is thought to lie in the upper respiratory tract (Radford, 1957) which was 
excluded in the experimental animals. Amdur & Mead (1958) have shown 
that for guinea-pigs the upper respiratory tract accounts for a mean of 
15°, of the total resistance of air flow of the respiratory system, and one of 
us (J.G.W.) found that in cats and rabbits with closed mouths the 
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resistances of upper and lower respiratory tracts were about equal. (Two 
cats had upper airway resistances of 9-4 and 8-7 em H,O/l./sec with 
pulmonary resistances of 12-5 and 13-2 em H,O/lL./see respectively; three 
rabbits had upper airway resistances of 13-3, 17-4 and 28-0 em H,O/L./sec 
with corresponding pulmonary resistances of 14-1, 15-2 and 25 em H,O/L./ 
sec. The upper airway resistances were very easily increased by changing 
the position of the animals’ heads and necks.) If the resistances in pul- 
monary units of equal size were the same, large animals would have in 
addition the resistance to flow in the air passages conducting to the pul- 
monary units; this would increase the total resistance per unit lung volume 
compared with small animals. 
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Fig. 3. Time constants (compliance multiplied by resistance), Each horizontal line 


represents the measurement from one individual animal, 


Time constants. Compliance multiplied by resistance gives the time 
constant (analogous to the time constant of a resistance—capacitance 
electrical circuit) of the lungs. Animals with short time constants could 
have rapid alterations in lung volume with little phase shift. The time 
constants run roughly parallel to the breathing rates of the species 
(Fig. 3) although the dog has a particularly short time constant. It is our 
impression that, of the species examined, the dog most commonly breathes 
rapidly and shallowly to lose body heat; a short time constant of the lungs 
would therefore be of advantage. The time constants given in Table 2 and 
Fig. 3 do not include allowance for the upper airway resistance and the 
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mechanical properties of the chest wall. Nisell & Dubois (1954) found mean 
time constants of 0-163 and 0-093 sec for two groups each of nine cats with 
cannulated tracheae. Brody (1954) working with tracheotomized dogs gave 
figures of 0-148 (8 dogs) and 0-079 see (15 dogs). Other measurements of 
time constants in man and experimental animals have included the 
resistance of the upper airways. 


TaB_e 3. Values for the work of breathing 
Work of breathing (g. cm/min) 
per zg per unit 

Species Absolute body weight ventilation 

Mouse 66-5 4-25 2540 
15-194 0-47-7-2 1560-4220 

Rat 482 1-90 2940 
251-1006 1-18-3-37 2160-3740 


Guinea-pig 272 0-52 209) 


179-390 0-28-0-91 1560-2880 
Rabbit 1502 0-62 2370 

798-2500 0 39-1-09 1960-3280 
Monkey S17 0-31 1157 

223-1418 O-09-0-57 861-1450 
Cat 1857 0-63 1900 

1321-2883 0-31-1-26 1505-2650 
Dog 6720 0-55 2350 

2233-9485 0-32-0-78 1695-2775 
Man 30,000 0-43 4700 


Means and ranges are given. Unit ventilation is | |./min. Values for man are from Altman 
et al. (1958). 


The work of breathing. Table 3 gives the work (in g.cm/min) of moving 
the lungs during breathing, the work per gram body weight, and the 
work per unit ventilation. Mice and rats had a high rate of work per unit 
body weight, the other species showing little difference; when expressed 
per unit ventilation there is little difference between the experimental 
species, except that the monkey has a low value. The values for man, 
taken from Otis et al. (1950), include work to overcome airway resistance in 
the upper respiratory tract and they are high compared with the experi- 
mental animals. Lf the minute volumes bear the same relation to metabolic 
rates in the different species, then about the same proportions of the 
animals’ metabolic rates are devoted to moving the lungs. 

Optimal rates of breathing. Figure 4 shows the measured rates of 
breathing plotted against the rates for minimal work performed on the 
lungs, caleulated as described in Methods. Here the resistance values 
include the resistances of the tracheal cannulae, since this in effect takes 
the place of an upper airway resistance, and McIlroy, Eldridge, Thomas & 
Christie (1956) have indicated that the mechanism controlling breathing 
rate and depth is sensitive to external resistances. The correspondence 
between observed and optimal rates is striking, and was unexpected in 
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view of the many possible sources of discrepancy. The animals were 
anaesthetized, which might be expected to inhibit the mechanisms ad- 
justing breathing rates to the optimal; the upper respiratory tract was 
eliminated and replaced by tracheal cannulae; chest-wall compliance and 
viscance were not included in the calculation; resistance was expressed as 
a linear relationship between air-flow and resistive pressure, ignoring 
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Fig. 4. Measured rates of breathing plotted against the calculated optimal rates for 
four animals of each species. Mouse x , rat O, guinea-pig 2, rabbit —., monkey @, 
cat 7, dog +. 


possible turbulence in the air passages; and dead-space volume, a know- 
ledge of which is essential for an accurate solution of the optimal rate 
equation, was crudely estimated and assumed to be constant in any 
individual animal. 

Typical optimal rate curves for individuals of different species are shown 
in Fig. 5. The optimal rates are shown by the arrows, and the rates which 
correspond to a 10°, increase in work from the minimum are shown by the 
transecting lines. It might be better to refer to the ‘efficient range’ of 
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breathing rates rather than the ‘optimal rate’, at least for the smaller 
animals; for example, the mouse whose work of breathing is shown could 
vary its frequency of respiration from 81 to 190/min with an extra expendi- 
ture of energy of only 10°), at these limits. For man the total energy 
expenditure of the respiratory muscles at rest is only about 5°, of the 
metabolic rate, and our results suggest a similar or smaller proportion in 
the experimental animals, so a considerable deviation from the optimal 
rate would not greatly affect the total metabolic rate at rest. Within such 
a wide range there is ample scope for other factors to modify respiratory 
rate and depth without a great waste of energy (Dejours, 1960). 


Rat 


EE 
100 
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Fig. 5. Curves relating the work of breathing (ordinate, log scale) to the possible 
frequencies of breathing (abscissa) which give constant alveolar ventilations. 
One animal of each species is represented; the values for man are from Otis ef al. 
(1950). The arrows indicate the optimal rate of each individual, the transecting lines 


show the points where work would be 10°, greater than the minimum. 


If Mead’s (1960) equation (for calculating the breathing frequency at 
which the average respiratory muscle force is minimal) is applied to our 
results, then the optimal frequencies are very greatly in excess of the 
observed frequencies (mean 96°, in excess, range 48-295°,,). It is not 
fully justifiable to apply either optimal-rate equation to our results, since 
both require knowledge of the compliance and resistance of the total 
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respiratory system, including extrapulmonary structures. Both formulae 
depend on the two factors, time constant and alveolar ventilation: dead- 
space ratio. Unless the time constant of the chest wall differs greatly from 
that of the lungs, omission of the mechanical properties of the chest will 
not greatly affect the calculated optimal rates. Replacement of the upper 
airway resistance by a tracheal cannula would influence the optimal rates 
only in so far as the animals cannot adjust the breathing pattern to allow 
for variation in resistance ; the extent to which they can do this is disputed 
(McIlroy et al. 1956; Mead, 1960). The resistance of the tracheal cannulae 
was of the same order as that of the upper respiratory tracts in those 
species in which the latter has been measured. It is inherent in the optimal 
rate equations that as the alveolar—ventilation : dead-space ratio increases, 
the optimal rate for minimal force will increase less slowly than the optimal 
rate for minimal work. The animals in our experiments had low alveolar 
ventilations due to anaesthesia, and at higher ventilation rates their 
breathing frequencies might have fitted better the hypothesis of minimal 
respiratory muscle force. 


SUMMARY 

1. Pulmonary compliance, resistance and chest-wall compliance have 
been measured in four individual animals of each of the following species: 
mouse, rat, guinea-pig, rabbit, monkey, cat and dog. 

2. When pulmonary compliance was expressed in terms of unit lung 
volume at the expiratory level, there was little interspecific difference, 
except that rabbit lungs were more compliant, and human lungs less, than 
the other species. 

5. Lung resistance (per unit lung volume) tended to increase with the 


size of the animals of each species investigated, although dogs had rela- 


tively low resistances. 

4. Mice, rats, guinea-pigs and rabbits had very high chest-wall com- 
pliances and low functional residual capacities (both per unit lung volume), 
compared with animals in the other four species. 

5. The frequencies of breathing mechanically most economical (optimal 
rates) were calculated for the individuals, and corresponded quite closely 
to the observed rates of breathing. 

6. Calculation of the mechanicai work of breathing of each animal 
showed that the frequency of breathing could vary considerably for 
constant alveolar ventilation, with little increase in work; this was 
especially true for the smaller animals. 

Some of the apparatus used in these experiments was bought from the Central Research 


Fund, University of London 
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EXCITATION OF RECEPTORS IN THE PAD OF THE CAT BY 
SINGLE AND DOUBLE MECHANICAL PULSES 


By CHRISTINE J. ARMETT* anv R. W. HUNSPERGER#T 
From the Department of Physiology, University College London 


(Received 11 January 1961) 


Information about the strength and position of one or more points of 
mechanical contact with the skin may be transmitted in a number of 
nerve fibres acting as an organized group. The coding of such information 
in a group of receptor fibres from the cat’s pad has been investigated by 
C. J. Armett, J. A. B. Gray, R. W. Hunsperger and 8. Lal (unpublished), 
who have also investigated the way in which this code is modified at the 
first synaptic junction. A single stimulus, having a particular position and 
strength, sets up in the primary fibres a pattern of activity which is, within 
limits, uniquely related to that stimulus. The mechanism which determines 
this pattern is naturally of interest, because an understanding of it would 
enable the patterns of activity set up by more complicated combinations of 
stimuli to be predicted. Basic points in this problem are the size of the 
receptive fields and the amount of overlap between them. Such receptive 
fields might be determined by a branching of the receptor nerve fibre to 
cover the area; on the other hand a single receptor in the centre of the 
field would be all that would be required if the stimulus set up a mechanical 
wave that travelled across the pad. The experiments described in this 
paper are concerned with this problem, and the results indicate that a 
mechanical wave does travel across the pad as a result of each stimulus 
and that this wave is important in determining the pattern of activity that 
results in the primary fibres. 

The first section of the results deals with experiments in which single 
stimuli were used to excite single receptor units. The second section deals 
with the effects of a mechanical pulse on the excitability of the units to a 
second pulse. 

METHODS 
The experiments ‘vere performed on cats anaesthetized with chloralose, 0-05 g/kg, and 


urethane, 0-5 g/kg. The lumbar cord was exposed to give access to the dorsal roots, and the 
animal was then mounted rigidly in a frame (cf. Fernandez de Molina & Gray, 1957); steel 


* Present address: Department of Pharmacology, Albert Einstein College of Medicine, 


Morris Park Avenue and Eastchester Road, Bronx, 61, N.Y., U.S.A. 
+ Present address: Physiological Institute, University of Zurich, Zurich, Ramistr. 69, 


Switzerland. 
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needles were passed ventral to the bodies of lumbar vertebrae, but dorsal to the transverse 
processes, and were then fastened to the frame. A hind foot was mounted, pad upwards, on 
a brass plate attached to the frame; the foot was held by a stitch, and the whole, including 
the pad, stabilized by embedding it up to the level of the pad surface in paraffin wax. The 
medial plantar nerve was exposed, laid over a pair of electrodes and then embedded in 
low-melting-point paraffin wax. The lateral plantar nerve was cut. 

Vechanical stimulation. Mechanical pulses were derived from Rochelle salt crystals 
(Gray & Malcolm, 1950); in these experiments larger crystals 2-5 em* were used and they 
were damped with silicone grease instead of oil. Two such crystals were needed and each was 
mounted on a manipulator, which was graduated in steps of 10 y in the three planes at right 
ingles to each other. The glass styli, by which the displacements of these crystals were 
transmitted to the pad, had tip diameters of ca. 0-5 mm. When a stylus was lowered to the 
surface of the pad, the point of eontact could be seen by the electrical output from the 
crystal. The position of contact could be established in this way, correct to a few tens of 
micra, and the resting position was usually adjusted to be 0-3—-0-75 mm deep to this position 


of contact 





1 


Fig. 1. Displacement of the moving corner of the crystal (top) after the application 


of a rectangular voltage pulse followed by a voltage pulse having an exponential 


decay (bottom Calibration 50 V, time marker, 100 psec. Note: the displac ement 


f the crystal starts with a delay of about 80 psec 


e crystals had a sensitivity of approximately 0-4 « V and the largest voltage used was 


When a pulse of less than 20 V was applied to a crystal, the resulting displacement, if 


al damped, was 90 complete in about 200 psec Imperfecti ns in the voltage 


¢ introduced greater lags when pulses greater than 20 V were used. In a few experi 


| 


wlequatel\ damped pulses having shorter rise times were r yuired these were 


by driving the crys yn a source having a sufficiently low output impedance at 
plitudes, and allow oscillation to oecur: these oscil] ns were then counter 


sdding a bref pu ‘ itable torm and timing (Fig. | 
Nerve impulses recorded from fine filaments « 
trodes under qui é ind an 
la frequen response ch was adjusted to give 
ng the presence or absence of an impulse Che activity 


mechar 1] stimulation of the peal could be detected 
other sources by using a superimposing technique the 


ne hbase vas switched oa 
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and off by electrical means so that groups of 5 or 10 sweeps were superimposed on each 
photograph. The general activity could be reduced by cutting unwanted nerves in the leg. 

Recording mechanical events. Displacements were recorded by a modification of the optical 
system described by Gray & Malcolm (1951). The optical part of this apparatus was used to 
record the displacements of a nylon bristle running in a guide (Fig. 2). The upper end of the 
nylon bristle held a flag, which interrupted the light beam of the optical system. The 








Fig. 2. Diagram of the method used for recording the displacement and the velo- 
city of the surface movements of the pad. L light source, F flag on the recording 
stylus interrupting a focused light beam, Ph multiplier photocell. In this example 
a voltage pulse, V,, is applied to crystal C,; it causes a displacement of which the 
amplitude is recorded via A, and Y, and of which the velocity is recorded via A, 
and Y,. After an interval ¢ a voltage pulse V, is applied to crystal C, and the dis- 


placements due to this appear as the second deflexions on Y, and Y,. 


mechanical impedance of the system was kept as small as possible, the mass was 5 mg, the 


viscous resistance was small but was not satisfactorily measured and there was no elastic 
component. The restoring force provided by the weight of the system was small, and it was 
necessary, if movements were to be followed, to stick the bristle te the pad or crystal by 
means of collodion. When this recording device was attached to the moving corner of a 
crystal it was found that the photocell output was linearly related to the voltage input to 
the crystal. It may therefore be concluded that under these conditions, and over this working 
range, the output of the instrument was linearly related to the displacement of the nylon 
bristle. However, it was not possible to eliminate a tendency for the bristle to stick when 
2 PHYSIO. CLVIII 
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the forces were amall, as was the case when «mall displacements of the pad surface were 
recorded ; the method could not therefore be used for certain quantitative measurements 
Displacements as amall as | could be recorded. The velocity of the displacement was 
recorded by differentiating the output of the displacement recorder (Fig. 2). This was done 


by means of a cireuit having a time constant of 20 pene 


RESULTS 
: , 
Response 8 of receptor units to single mechanical pulse 8 


On-and-off responses. The receptors of the pad which could be excited 
by the means employed were, like other phasic receptors, excited both by 
the movement into the pad at the beginning and by the restoration move 
ment at the end of a mechanical pulse having a duration of at least several 
milliseconds (for refs. see Gray, 1959); normally one impulse only was 
initiated by each movement when the displacement amplitude was 20 
or less. Movements in both directions are thus able to excite. It is known 
that in the Pacinian corpuscle movements in both directions set up negative 
running receptor potentials and that these receptor potentials are able to 
sum in the usual way (Gray & Sato, 1953). The experiments described in this 
paper indicate that mechanical waves may occur in the pad and that the 
phases of such waves may add and subtract. It might be expected, then 
that the effects of the two movements could sum under certain conditions. 
That they do so is indicated by the experiment illustrated in Fig. 3. In this 
experiment the threshold to a restoration movement was lower than that 
to the inward movement at the beginning of the pulse. It was possible to 
distinguish the responses to the two movements from each other by altering 
the duration of the pulse; the off-response moved in time with the end of 
the stimulus, while the on-response remained fixed in time. The line with 
the full circles (Fig. 3) is the strength-duration curve of the response 
occurring at the end of the pulse; the points for pulses of 3 and 5 msec 
duration indicate the threshold to the restoration movement alone: the 
amplitudes of pulses with durations between 0-7 and 2 msec did not need 
to be so large to produce a response, though it is certain that the impulse 
was initiated by the end of the pulse; the thresholds with the two shortest 
pulses were higher, and with these it was not possible to distinguish the 
effects of the two movements. It was possible to obtain a response to the 


inward movement of the pulse by increasing the amplitude of any of the 


pulses which had a duration longer than 0-7 msec: the threshold value for 


a response to this movement is shown by the open circles in Fig. 3, and it 
can be seen that it was unaffected by the duration of the stimulus. An 
increase in the excitability was thus observed when both movements were 
in a position to contribute, but not when the beginning of the pulse was in 


iteelf sufficient’ to excite 
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This is not the preparation in which to study the meaning of the large 
amplitudes required for excitation by short pulses. It can, however, be 
said that the displacement of the pad normal to its surface at a distance of 
1-5 mm from the stimulator was only slightly reduced when the pulse was 
as short as 0-3 msec; the record of displacement against time had a definite 
plateau when the pulse had a duration of 0-5 msec. 

The relation between the parameters of the pulse and excitation. For excita- 
tion to occur in these receptors, as in other phasic receptors which are 
mechanically excitable, a minimum displacement and a minimum velocity 
(or critical slope) had to be exceeded. This is well illustrated by plotting, 
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Fig. 3. Plot of the amplitude of displacement for threshold against pulse duration 
Ordinate, stimulus strength in multiples of the threshold of a restoration move 
ment. Abscissa, pulse duration, @, lowest threshold; ©, threshold of the reaponse 
locked to the beginning of the pulse. With pulses of 2 msec duration or leas no 
stimulus excited more than one impulse; with longer pulses responses to both 


displacement and restoration could occur on the same occasion 


for threshold, the amplitude of displacement of a long pulse against the 
velocity of the initial movement. The results of two such experiments are 
illustrated in Fig. 4. The full curve was obtained when using pulses shaped 
by the method illustrated in Fig. 1; the displacement of the stimulating 
crystal was recorded throughout and four of the pulses are illustrated. The 
interrupted curve is taken from another experiment, in which the special 
technique for shaping the pulse was not used. Both curves are similar to 
those found with other receptors which can be excited mechanically (Gray 
2-2 
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& Matthews, 1951; Gray & Malcolm, 1951) and show that when the 
velocity was above the critical value, threshold was determined by a critical 
level of the amplitude of the displacement, but was virtually unaffected by 
changes of velocity. In contrast, when the amplitude was above a certain 
value, threshold was determined by the velocity and was little affected by 
changes of amplitude. The critical slopes in three experiments were 1-3, 
1-6 and 1-8 minimum thresholds; msec ; the mean value for critical velocity 
in absolute units was 6-5 p/sec. 
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Fig. 4. Relation between amplitude and velocity of displacement for the excitation 
of receptor units. (2) @—-@ curve found with pulses obtained by the method 
illustrated in Fig. 1. curve obtained in another experiment with a single 
rectangular voltage pulse applied to crystal. Arrows: A, region in which amplitude 
determines excitation; V, region in which velocity determines excitation. 
(6) Records of the displacements used at threshold for the four different points 


indicated. Time marker, msec. 


Receptive fields. It was possible to excite a single receptor unit over quite 
large areas. For example, with 14 units tested with brief (ca. 0-6 msec) 


mechanical pulses, having amplitudes up to about 20 », the areas from 
which responses could be obtained varied from 25 to 120 mm?®. Of these, 
the larger extended over the whole of the large pad; in one instance it was 
possible to excite the unit from one of the small pads as well as from the 
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whole of the large one. It must be emphasized that these areas are for one 
particular size of stimulus. A receptive field could be an area over which 
branches of the receptor neurone spread, but defined by this test method it 
could also be the area over which there is sufficient mechanical spread to 
excite a single receptor; or, of course, it could be a mixture of both. It 
will emerge later in this paper that mechanical spread is probably the 
major factor, and if that is so the area from which responses can be 
obtained will be determined by the size of the test pulse. 


Fig. 5. Receptive field of a single receptor unit on the large pad. Separate threshold 
measurements for the displacement (@) and the restoration (©) of a mechanical 
pulse of 10 msec duration. The numbers indicate the amplitudes of the movements 
in »; both thresholds were tested at all points. When a point is indicated by one 
symbol only, it means that a response could only be obtained to that type of 
stimulus. When neither direction excited, a small filled circle marked > 20 is 
used. The medium-sized circles indicate thresholds > 10 » and the largest circles 


values < 10 pu. 


In order to understand the signalling of information by primary and 
higher receptor neurones, it is important to consider certain factors about 
a receptive field defined in this way: these are the amplitude of displace- 
ment at threshold, the velocity of displacement at threshold, and the 
latency of initiation of an impulse at different points in the field. In all 
preparations there was an area of maximum sensitivity, and as the distance 
from this area increased the minimum displacement required to excite 
increased. Figure 5 illustrates a field which was tested with a long pulse in 
order that both on- and off-thresholds might be recorded. The numbers 
beside the filled circles indicate the amplitudes of the initial movements at 
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threshold, and those beside the open circles indicate the thresholds for the 
restoration movements. The pattern is not a simple one, but this like other 
experiments indicates that the excitability was much reduced at the peri- 
phery of the field. A corollary to this was found in examining the size of 
eleven such receptive fields mapped out with short (ca. 0-6 msec) pulses; 
the thresholds in the most sensitive area varied from 1-5 to 16-5 u and 
those whose thresholds at the centre were lowest had the largest fields when 
explored with a 20 »« deformation (correlation coefficient = — 0-69). Since 
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Fig. 6. Relation between threshold and distance. Ordinate, velocity or amplitude; 
abscissa, distance on the pad from the position of lowest threshold. @ Velocity at 
threshold expressed as (volts to crystal)/msec; © amplitude at threshold expressed 
as volte to crystal; A& velocity at threshold expressed as thresholds/msec., 


i.e. critical slope 


stimuli of the same size could excite from greater distances when the 


receptor was more excitable, it looks as though excitation at a distance 


was determined by mechanical spread. 

The critical velocity required for excitation also increased with distance 
from the most excitable region. Figure 6 illustrates the change, with 
distance from the most sensitive region, in the size of the critical velocity 
(filled circles) and the critical amplitude (open circles) for excitation. The 
third line presents the same results in another way: the slope is plotted as 
multiples of threshold amplitude per unit time (i.e. critical slope). This line 
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is almost horizontal, and indicates that the time in which the minimum 
amplitude must be reached is constant over the receptive field. 

The latency of the initiation of an impulse tended to increase with 
distance from the most sensitive region; the results were not, however, 
very consistent. There are two factors which account for this increase. 
One factor derives from the stimulus-strength—latency relationship 
(Fig. 7), which was similar to those found for other receptors (e.g. Gray & 
Malcolm, 1950, 1951); in this figure the ordinate is the increase in the 
latency above the minimum value. When the latencies were measured at 
threshold in different parts of the receptive field, fluctuations occurred and 
this accounts for much of the inconsistency referred to above. If, however, 
latencies were measured with a large pulse of constant amplitude (e.g. the 
largest available), then, in terms of the threshold, the stimulus was smaller 
at the periphery of the field, where threshold was high, than at the centre, 
where threshold was low. As was to be expected from Fig. 7, the relatively 
smaller stimulus given in the periphery was followed by a longer latency 
than the relatively larger pulse in the centre. In one experiment series of 
stimuli of different amplitude were used at a number of points throughout 
a receptive field. Each stimulus could then be recorded in multiples of the 
threshold at that particular position; the differences in latency to a con- 
stant stimulus in different parts of the receptive field could in large part, 
but not entirely, be accounted for by the differences in sensitivity of each 
point. The other factor responsible for the increase in latency with distance 
is the time taken for the spread of the mechanical events. An increase in 
latency due to this factor is illustrated in Fig. 11 (open circles) ; the reasons 
for attributing this delay to mechanical causes are given in a later section 
where this experiment is described. 

Observations of the displacement of the pad surface in a direction normal 
to that surface were made in a number of preparations, using the optical 
method already described. All records of displacement at all distances from 
the stimulator were in the same direction, and the amplitude of this dis- 
placement decreased with distance from the stimulator; no oscillations 
were seen. On the average the amplitude of the displacement was reduced 
to a half at a distance of 2 mm: the rate of rise of the displacement was 
also reduced by the same factor, the time of rise or fall of the pulse being 
little altered at any distance. The displacement spread across the pad from 
the stimulator with a definite velocity, and this was found in three experi- 
ments to range from 11 to 13 m/sec, and in one to be 32 m/sec. The velocity 
inferred from the experiment illustrated in Fig. 11 was approximately 
11 m/sec. These observations are consistent with the hypothesis that the 
changes in the amplitude at threshold, in the velocity at threshold, and in 
the latency observed in different parts of a receptive field, can be explained 
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by the spread of a mechanical wave. The distances required for attenuation 
to a half obtained from these mechanical observations, however, appear to 
be too amall to fit the excitability results. On the other hand, displacement 
normal to the surface is unlikely to be the mechanical factor directly 
responsible for the excitation of the receptors. 
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Fig. 7. Relation between stimulus strength and latency of the response. Ordinate, 
latency difference; abscissa, stimulus strength in multiples of threshold. Duration 


ot the pulse (0 msec, 


Recovery of excitability and conduction velocity of the nerve impulse. In 
these units a brief mechanical pulse (ca. 0-6 msec duration), just large 
enough to excite on every occasion, could excite again 1-8—2-8 msec 
(5 units) after the beginning of the first pulse. The largest available stimuli 
could not excite earlier than about | msec after the first pulse. 

The conduction velocities of the nerve fibres of those units which could 
be excited by mechanical stimulation of the pad were measured in a 
number of experiments. A unit was identified as being excited by 
mechanical stimulation of the pad and its nerve fibre was excited electri- 


cally by means of a 20 «sec pulse applied to the medial plantar nerve, and 


the impulse was recorded in the dorsal root. At the end of the experiment 
the nerve between the two pairs of electrodes was completely excised and 
measured. In 9 units the mean velocity was 66m sec and the range 
46-85 m/sec: 6 of the units had velocities between 61 and 67 m/sec. 
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Responses of receptor units to pairs of mechanical pulses 


The remainder of the results described in this paper were obtained with 
two pulses applied to the pad, usually by means of two separate stimu- 
lators, which enabled the pulses to be separated both in position and in 
time. The simple application of the second stimulator to the pad frequently 
changed the threshold to a pulse from the first stimulator. This occurred 
even after any necessary correction had been made to the vertical position 
of the first stimulator. Decreases in excitability were usually seen when 
the second stimulator was applied within a few millimetres of the first and 
there was often an increase in excitability when the distance was greater. 

Interaction following two brief threshold pulses. In a number of experi- 
ments a threshold pulse was found to alter the response to a second 
threshold pulse. With the two stimulators 3-5 mm apart on the large pad 
each was adjusted to deliver a pulse of 0-6 msec duration, of such an 
amplitude that it was just able to excite every time when it was applied 
alone. When both pulses were applied at an interval greater than 2 msec 
two responses were seen; when the interval was around 1-5 msec only the 
first pulse excited, because the excitability of the unit had not recovered in 
time for the second pulse to excite. When the two pulses were delivered 
simultaneously a single response was also obtained. The surprising result 
occurred when the interval was around 0-6 msec: at this interval no 
response of any kind was obtained, even though both pulses were above 
threshold when given alone. It appeared that a second stimulus was able 


to prevent the response to one that had already occurred. 

Interactions following the association of a short test pulse with a short 
subthreshold conditioning pulse. The qualitative phenomenon just described 
was investigated by using a conditioning-test technique with short pulses 
(ca. 0-6 msec duration). One pulse, the conditioning pulse, was adjusted to 


about 80°, of its threshold value and delivered at zero time. The test pulse 
was derived from the other stimulator 4-9 mm away, and at times within 
10 msec before ( — ) or after (+) the conditioning pulse; at each setting its 
amplitude was adjusted until the threshold for an impulse in the primary 
receptor fibre was reached. The result of such an experiment, which is 
typical of seven others, is shown in Fig. 8. The abscissa of this graph is 
time before or after the conditioning pulse and the ordinate is given as 
(S,,-S,)/S,, where S, is the stimulus strength at threshold of the test 
stimulus alone and S, is the stimulus strength at threshold at time ¢. In 
words, this function may be described as the fractional lowering of the test 
threshold resulting from the conditioning stimulus given ¢ msec before. 
Figure 8 shows two major deflexions, a large decrease in excitability when 
the test occurred about 0-5 msec before the conditioning and a big increase 





26 CHRISTINE J. ARMETT AND R. W. HUNSPERGER 


in excitability when the pulses were synchronous. There are also smaller 
deflexions before and after these. Other experiments showed similar 
patterns, though the relative sizes of the different peaks varied consider- 
ably. A common feature, which is small in Fig. 8, was a negative peak at 
about +0-5-+ 1-0 msec. The two main peaks of this experiment may be 
analysed in more detail by considering records of the amplitude and 
velocity of the displacement of the pad surface, normal to that surface, and 
at a point midway between the two stimulators (Fig. 2 shows the method). 
in Fig. 9 there are three sets of records. On top are the voltages applied to 
the two erystals (these are mixed on one beam in the oscilloscope) and 
‘+1 msec time marks; the lower rows indicate the velocity (into the pad 
upward deflexions) and displacement (into the pad = downward 
deflexions) recorded from the mid point: in a and } the velocity is on top, 
in ¢ it is below. These records are typical of a number obtained in this way. 
tecord a shows the two pulses separated and giving two distinct displace- 
ments and two phases of positive velocity and two of negative ; this picture 
corresponds to an interval when only minor changes in excitability oc- 
curred. Record 6 was taken at an interval which was practically identical 
with the duration of the pulses; under these conditions there is only one, 
though longer, displacement and the middle two phases of velocity are 
obliterated. This interval corresponds in all experiments to that at which 
there was a large decrease in excitability and at which two threshold pulses 
failed to excite any impulse. This result, like that illustrated in Fig. 3, 
suggests that each movement, regardless of direction, contributes to the 
excitation of the receptor unit. If, as in the Pacinian corpuscle, each move- 
ment sets up a negative running receptor potential (Gray & Sato, 1953) or 
if there is addition and subtraction of mechanical waves, a result such as 
that just described might be expected. 

In three of these seven experiments a single brief pulse of 0-6 msec 
duration set up two impulses; the interval was about 2 msec. In these 
preparations a double-pulse experiment, such as that illustrated in Fig. 8, 
gave high positive values of (S,,—S,)/S,, not only when the pulses were 
applied simultaneously, but also when the interval between the pulses was 
the same as that found between the impulses of the double response. 
Double responses were exceptional amongst the whole series of experi- 
ments considered in this paper. 

A conditioning pulse to a small pad has been seen to affect the threshold 
to a test pulse on the large pad. 

Interactions following the association of a long test displacement with a 
long subthreshold conditioning displacement. The experiments with short 


pulses which have just been described illustrate in a dramatic way the 


interactions that can follow two mechanical pulses, and they also suggest 
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Fig. 8. Contribution of a subthreshold conditioning pulse to excitation by a test 
pulse. Ordinate, (Sa —S,)/Sx; abscissa, time of test pulse in relation to condi- 
tioning pulse. Distance between the stimulating points 4mm, pulse duration 
0-6 msec. Conditioning threshold 2-9 times test threshold; conditioning used 2-2 


times test threshold. 


LL, 
Yt 


a b c 


Fig. 9. Mechanical patterns on the surface of the pad following two mechanical 
pulses of 0-6 msec duration applied at different positions 4-5 mm apart and at 


different times. Upper row: voltages to both transducers mixed to one beam. 
Lower rows: displacements and velocities recorded on the pad midway between 
the stimulating points. Interval between the pulses a, 0-9, 6, 0-6 and c, 0 msec. 
Records with dotted base lines are velocity records (note last pair reversed). The 
arrows in a and 6 indicate corresponding points at the end of the first pulse and at 
the beginning of the second. For further explanation see text. 
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that one important factor in this interaction lies in the mechanics of the 
pad. Short pulses provide a very useful experimental tool, but are not 
typical of natural stimuli; long displacements probably have more rele 
vance to problems of discrimination and have been used in a further 
analysis of this phenomenon. Long displacements have another particular 
wivantage ; the results in the first section have indicated that the movement 
into the pad and the movement associated with restoration are separate 
stimuli, each of which can excite a single impulse if a critical amplitude is 
reached in a certain minimum time. The beginnings of long displacements 
of opposite polarity are thus approximately equivalent as stimuli, but they 
are mechanical opposites. In this section one experiment will be described 
in detail, as it illustrates all the relevant points. It is typical of two other 
relatively complete experiments and a number of others in which specific 
points were confirmed. 

In this experiment the test displacement was always a movement into 
the pad and it was always applied at the same point, which was in the 
region of the greatest sensitivity; the test displacement, as in the experi 
ment described in the last section, was altered in time relative to the 
conditioning pulse, and was adjusted in amplitude until an impulse was 
excited in response to half the number of stimuli. The conditioning dis 
placement was applied in five positions; it was applied 2, 4, 6 and 8 mm 
from the test stimulator and also, by mixing the voltage into the same 
crystal as was used for testing, applied at the same point. At all positions 
conditioning displacements of both polarities were used and their ampli 
tudes were adjusted to be approximately 80°, of the threshold amplitude 
at that particular point. There were thus ten conditioning situations, and 


a plot of (S,—S,)/S, against time was made for each. Six of these are 


illustrated in Fig. 10. In making these runs the intervals between the 
displacements were adjusted so that the points on the main peaks of the 
graph do represent the maxima and minima. 

With two displacements of the same polarity, applied through one 
erystal (Fig. 10, top left), there was a large positive peak at zero time 
this simply represents a single larger movement of the crystal. The next 
graph in the top row was obtained with the stimulators 6 mm apart and 
a similar positive peak was found, but it will be noticed that the peak is 
delayed by 0:45 msec. In the third graph, obtained with an 8 mm interval, 
the peak is delayed 0-75 msec. These delays are displayed in a plot against 
distance as the full circles in Fig. 11. This lag might be due to the time 
required for a travelling wave to pass from the conditioning stimulator to 
the test point, which was presumed to be near the receptors. If this were 
true, then an impulse excited by the conditioning stimulator should be 
delayed in respect of one excited by the test stimulator. This delay should 
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also be the time required for the mechanical wave to travel the distance 
between the two. These increases in the latency of the response at different 
distances from the most sensitive area were measured, and are indicated 
by the dotted lines in the graphs of Fig. 10; the values are also plotted 
against distance as open circles in Fig. 11. It will be seen that the lag in 
the positive peak of the graphs, and the increase in latency of impulse 
initiation, are very closely related and it seems reasonable to attribute 
them to the same cause. That this cause is the travelling of a mechanical 
wave is supported by the following evidence. 

The three graphs in the lower part of Fig. 10 were obtained with condi- 
tioning pulses moving in the direction of restoration. It is immediately 
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Fig. 10. Contribution of a subthreshold conditioning displacement to the excita 
tion of a receptor unit by a test displacement into pad at different distances. Upper 
row, conditioning displacement into pad. Lower row, conditioning displacement 
out of pad. Ordinates, (Sa —S,) Sx; abscissae, time interval between the displace 
ments (msec); teat advanced negative. The inset in the right-hand bottom corner 
indicates the distances in mm of the conditioning displacement from the teat dis 
placement ( « ). The square bracket drawn on the pad marke the line of removal of 
the distal part of the pad, For further explanation see text. Conditioning diaplace 
ments were as follows: 
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obvious that a negative peak in these records corresponds to the positive 
peaks in the upper graphs and that this negative peak shows the same lag 
with increasing distance. This reversal is exactly what would be expected 
if the interactions were mechanical, but not what one would expect if they 
were concerned with receptor potential summation and depression. In 
each instance the negative peak was preceded by a positive peak, and the 
time between these peaks was constant, within experimental error, at 
about 0-@ msec. Furthermore, in this experiment the latency from the 
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Fig. li. Lag of peaks of increased excitability (Fig. 10, top row) ( @) and increase 
in latency of a threshold response (©) with distance. Ordinates, lag and increase in 
latency; abscissa, distance of the conditioning displacement from the test pulse 
The inset shows the positions of the points: X test, @ conditioning. The latency 
measurements were mostly repeatable within 0-1 msec, even though measured at 


threshold . B, after cutting 


beginning of a stimulating displacement to the initiation of the impulse 
was (6 msec shorter when the displacement was out of the pad than when 
the movement was info the pad (the threshold for movements into the pad 
was, however, lower). These results are all explicable in mechanical terms, 
if it is assumed that a movement in either direction causes a brief mecha- 
nical change with two phases 0-6 msec apart, somewhere in the tissues, 


and that reversal of the applied movement reverses the order of its phases. 
It is further postulated that one phase only can excite; in this instance, 
that occurring first after a restoration movement. This would account for 
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the extra 0-6 msee latency after an inward displacement and also for the 
fact that an inward displacement needed to be applied 0-6 msec before an 
outward moving displacement if their excitatory effects were to sum. On 
this hypothesis one would expect that if a test displacement into the pad 
were applied 0-6 msec before a conditioning displacement in the same 
direction the excitatory phase of the mechanical change following the test 
stimulus would coincide with and be cancelled by an opposing phase 
following immediately on the application of second displacement. There is 
a small negative peak at the correct time when the two displacements were 
applied through the same stimulator; a corresponding negative peak is, 
however, much more obvious in results obtained with the two stimulators 
well apart (Fig. 10, row at the top). In the latter figure the whole graph is 
shifted to the right on the time scale, and on this hypothesis this shift is 
due to the spread of a wave at a finite velocity, which is indicated by the 
slope of the curve in Fig. 11. 

Final proof that the major peaks of the interaction curves of Fig. 10 are 
mechanical in origin is afforded by the right-hand graph in this figure. 
After the sets of observations which have just been described had been 
completed, the pad was cut across as indicated by the line in the diagram. 
The part of the pad peripheral to this cut was then completely removed 
and stuck back again with paraffin wax. The test stimulator remained in 
the same place and the conditioning stimulator was placed at the 6 mm 
position ; the latter could still excite at about the same amplitude and was 
again adjusted to 80°, of its threshold. The result of this experiment is 
shown in the top right-hand graph. It is clear that the peaks are as large 
or even larger than before; the lag of the positive peak from zero was 
appreciably longer than before, and the dotted line in Fig. 10 and the point 
in Fig. 11 show that the latency of the response increased by the same 
amount. The close correspondence of these points after this large change 
confirms that the two measurements have the same origin. The increase in 
these times might well be due to a slowing of the mechanical wave in 
passing the discontinuity provided by the wax. 

Records were made of displacement and velocity of the pad in a direction 
normal to the surface. These records showed that neither the amplitude 
nor the rise time of a displacement was affected by the application of a 
second displacement from another stimulator, either simultaneously or 
within milliseconds of it; displacements of either polarity from the two 
stimulators recorded separately at any point were combined algebraically 
when they were applied together. These recordings did not reveal any 
oscillations due to mass movements of the stimulator, the pad or foot ; the 
direction and sensitivity of the recording instrument should have revealed 
any significant mass movements of this kind if they had existed. Further- 
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more, mass movements could not explain the time delays introduced by 
distance or by the discontinuity in the cut pad. The displacement records 
referred to in an earlier section showed that some mechanical change 
travelled across the pad with a velocity comparable to that found in this 
experiment, about 11 m/sec. However, the displacements recorded normal 
to the surface have shown no sign of the postulated brief mechanical 
change with two phases. 
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Fig. 12. Excitability changes during velocities below the critical value tested by a 
rectangular step (see inset); movements into the pad. Ordinate, (Sx —<S,)/Sx; 
Abscissa, time from start of velocity to test pulse. The slopes (thresholds, msec) 
were = (065; @ 1-1, = 1-4, A = 0-8, = 055, @ = 0-4. Critical 
slope 1-75 thresholds msec. S, = test stimulus. C = conditioning amplitude 


These observations of displacements normal to the surface do not, there- 
fore, provide a full explanation of the results. A few observations were, 
however, made with a Rochelle-salt crystal which was rigidly attached to 
a glass stylus. This stylus was applied to the pad. The system could 
respond to forces normal to the surface and also to forces tangential to the 
surface. Results obtained with it cannot therefore be analysed. None the 
less, some records obtained with this system showed deflexions which 
changed polarity within a millisecond of the beginning of the mechanical 
change. These records indicate that there are mechanical events which are 
not revealed by the measurement of displacements normal to the surface, 


and which may be more closely related to the excitation of the receptors. 


It will be noted that the size of the positive peaks in Fig. 10 is approxi- 
mately the same at all distances. This is to be expected since the size of the 
conditioning displacement relative to threshold was always the same. The 
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absolute size of the displacements was, however, greater at the larger 
distances: values are given in the legend to this figure. 

Low-velocity pulses. All the experiments described so far, whether with 
short pulses or long displacements, were done with movements whose 
velocity was above the critical value. Slower changes may be of import- 
ance when considering the discriminative functions of skin. An experiment 
was therefore done in which the conditioning movement had a velocity 
which was varied, but always below the critical value (Fig. 12). The test 
displacement was a high-velocity movement of the same stimulator intro- 
duced at some point during the period of the conditioning movement. In 
this experiment all velocities caused a decrease in the excitability at times 
greater than 1 msec, and both positive and negative values of (S,,—S,)/S. 
were greatest with the highest velocities. The rather prolonged, but not 
very profound, negative change was found in a proportion of results 
obtained with rectangular displacements, both short and long, and when 
this preparation was conditioned with a rectangular instead of a sloping 
displacement. 


DISCUSSION 

The purpose of this paper has been to consider how various stimulus 
patterns affect the excitability of certain receptor units which can be 
excited by mechanical stimulation of the cat's pad. It is clear that 


mechanical factors play a major part in determining the response of 
a unit. 

In the experiment illustrated in Figs. 16 and 11 the amplitude of a dis- 
placement required to excite was approximately the same even after the 
part of the pad to which it was applied had been cut out and stuck back. 
A displacement on this inactive region was also able to modify, as effec- 
tively as it could before the area was cut out, the excitability of a unit 
tested by another stimulus. These facts show that mechanical events can 
spread across the pad and have effects on receptors at a distance. There is 
evidence that there is a mechanical wave which spreads across the pad at a 
definite velocity. This has been indicated in several ways: the latency of 
initiation of an impulse increased as the distance from the most sensitive 
area of the pad increased ; the peaks of the interaction curves (Fig. 10) were 
delayed as the conditioning stimulus was removed further from the most 
sensitive area on which the test stimulus was applied. These two delays in 
impulse initiation and in all phases of interaction were, within the limits of 
error, identical at all distances, and even after the pad had been cut out 
and replaced. They can be accounted for by the time taken for a mechanical 
wave to travel the distance ; the calculated velocity of this postulated wave 
was similar to the velocity with which a displacement of the pad surface, 


normal to that surface, was found to spread. 
3 PHYSIO. CLVIII 
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A mechanical wave spreading through the pad would be expected to 
become attenuated with distance. The amplitude required for threshold 
increased towards the periphery of receptive fields. The linear dimensions 
of receptive fields were negatively correlated with the absolute value of 
threshold in the most sensitive region. The velocity required for threshold 
also increased towards the periphery when recorded in absolute units, but 
was unchanged when allowance was made for the change in the amplitude 
required for threshold. These results all suggest attenuation of the 
amplitude of a mechanical wave, but little or no change in its time 
course. Displacements normal to the pad surface were found to decline 
with distance from the point of application, and the time course of these 
displacements remained unchanged. 

A spreading mechanical wave will have a particular time course and a 
particular relationship to the applied pulse. Is there then a pattern that 
will fit the results presented in this paper? The units under discussion are 
phasic; like other phasic receptors, e.g. in frog’s skin (Gray & Malcolm, 
1951; Maruhashi, Mizuguchi & Tasaki, 1952) and the Pacinian corpuscle 
(Gray & Malcolm, 1950), these units respond with a single impulse or very 
few impulses to any movement regardless of direction. The velocity 
amplitude curve for threshold found in the pad is very similar to those 
found for receptors in frog’s skin (Gray & Maleolm, 1951) and for Pacinian 
corpuscles (Gray & Matthews, 1951). The adaptation of the receptors in 
frog's skin can be modified by mechanical means (Loewenstein, 1956) and 
the brief responses to movement and the shape of the velocity-amplitude 
curve of the Pacinian corpuscle have been explained in mechanical terms 
by Hubbard (1958) as a result of his investigations into the mechanics of 
the capsular structure. By analogy one might expect that movements 
both into and out of the pad might give rise to brief mechanical changes 
whose amplitude is dependent on both the amplitude and the velocity of 
the applied displacement. 

A mechanical explanation is required for the interactions between two 
displacements. That these interactions are mechanical is shown by the 
cutting of the pad and by the fact that reversal of the conditioning dis- 
placement reversed the interaction curve; receptor potentials and other 
receptor processes would not be expected to reverse (for summary, see 
Gray 1959). The main peaks on the interaction curves, including their 
polarities, intervals and delays and the on-and-off responses, can be ex- 
plained if it is postulated that movements into and out of the pad both 


give rise to a brief mechanical change having two phases of opposite 
polarity, whose order is reversed by reversing the polarity of the applied 
pulse ; if it is assumed that only one of these phases is able to excite the 
receptors the results can be explained by the mechanical interference of 
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these phases. To avoid again describing results here explanations of the 
details in terms of this hypothesis have been given where the results are 
described. 

There is no direct evidence of the mechanical process postulated. Dis- 
placements normal to the skin surface are certainly correlated with some 
of the properties required, but they are different in other respects. These 
differences do not, however, invalidate the hypothesis. For example, as 
the stimulus moves away from the point of lowest threshold the displace- 
ment is found to become attenuated more rapidly than does the threshold. 
This might be due to the receptor unit studied having receptors not only at 
the point of minimum threshold, but spread over some little area, so that 
certain receptors may remain close to the stimulus even when it is some 
distance from the centre of the receptive field. An alternative explanation 
of these differences in attenuation and of other discrepancies might be that 
the mechanical change that is important is not that recorded by the 
method used ; observations made with a Rochelle-salt crystal suggest that 
there are other mechanical changes. A mechanical process which might 
possibly be more closely associated with the excitation of the receptors is a 
compression wave travelling in the plane of the skin. A variety of wave 
patterns is known to occur in skin (Békésy, 1955; Keidel & Schmitt, 
1955). 

Mechanical events can explain many of the observations described, 
entirely or in part. It must, however, be remembered that the properties 
of the receptors themselves are affecting the results. The most important 
of these are the summation (Alvarez-Buylla & Ramirez de Arellano, 1953; 
Gray & Sato, 1953) and depression (Gray & Sato, 1953; Diamond, Gray & 
Inman, 1958; Loewenstein & Altamirano-Orrego, 1958) of the receptor 


potential. Furthermore, there are the properties of the conducting part of 


the receptor unit, refractoriness and the interaction of impulses at junc- 
tions (Katz, 1950; Hughes & Wiersma, 1960). There are two observations 
which require comment here. The summation between the excitatory effects 
of the on-and-off movements of a single pulse (Fig. 3) could be mechanical, 
but the effect is longer than the likely half-period of the mechanical 
change postulated above (ca. 0-6 msec), and it seems probable that this 
effect is due to summation of the receptor potentials (see Gray & Sato, 
1953, Fig. 14). The later parts of the interaction curves can also be 
explained by an extension of the mechanical hypothesis, but it is not im- 
probable that depression and refractoriness play their part. 

A single unit can signal that a certain amplitude of displacement has 
been exceeded, provided the velocity is high enough. Alternatively, if the 
amplitude of a series of displacements is considerably greater than the 
critical amplitude, then the unit can distinguish those with a velocity above 


3-2 





36 CHRISTINE J. ARMETT AND R. W. HUNSPERGER 


threshold from those with lower velocities. A single pulse applied to an 
area of less than half a square millimetre can excite or influence receptor 
units across the pad or even on another pad; the amplitude and velocity 
required for excitation and the latency increase with distance. These facts 
must be taken into account in determining the system of coding. Stimulus 
strength (either amplitude or velocity of displacement, or both) cannot be 
signalled by frequency coding under these conditions ; however, with bigger 
stimuli the number of units activated increases, because of the greater 
distance that a large stimulus can spread and remain above threshold; 
work on this system still to be published (C. J. Armett, J. A. B. Gray, 
R. W. Hunsperger and 8. Lal) indicates that stimulus strength can be 
coded by the number of primary receptor units activated. The position of a 
stimulus could only rarely be signalled by the firing of a single unit, but it 
could be signalled by the mean position of the population. Timing factors 
may also play a part. 

The interactions which follow two pulses may also be of functional 
significance. Any pacing or exploratory movement of the pad is likely to 
encounter a complex pattern of stimuli, and these results show that com 
plex interactions which are critically dependent on timing can take place. 
A dramatic example is the inability of two pulses, each above threshold 
when alone, to excite when applied at a suitable interval. 


These experiments are also a necessary basis to any work in which double 
mechanical pulse techniques are used to investigate the way in which 
signals converge upon and are analysed by second or higher-order neurones. 
False conclusions about the role of a group of junctions may be drawn if 
these interactions are not taken fully into account. 


SUMMARY 

1. The activity produced in single receptor units, on mechanical stimu- 
lation of the cat’s pad, has been recorded. 

2. Both the displacement at the beginning and the restoration move- 
ment at the end of a mechanical pulse can excite or contribute to the 
excitation of the receptors. Excitation is determined by an amplitude 
required for threshold (range 1-5-16-5 4) and a critical slope (mean, 
1-6 x amplitude required for threshold per millisecond). 

3. Receptive fields have dimensions which are negatively correlated to 
the minimum threshold. Both the amplitude required for threshold () 
and the velocity required for threshold (j/msec) increase with distance 
from the centre of the field ; critical slope (amplitude required for threshold 
msec) is constant. The initiation of impulses is delayed at the periphery of 
the field. 
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4. Major changes in the excitability of a receptor to a test pulse on the 
main pad often result when a subthreshold conditioning pulse is applied at 
a second point on the main pad, or even occasionally on a small pad. 
These changes in excitability can be greater than a factor of two and can 
be of either sign; the precise effect is critically dependent on timing, 
particularly when the pulses are applied at intervals shorter than | msec. 

5. Comparable changes in excitability can occur even when the condi- 


tioning pulse is applied to an area of pad which has been cut out and 
stuck back. 

6. This and other evidence which is presented indicate that the pro- 
perties of the receptive fields and the interactions may be explained by a 
mechanical wave that travels across the pad with a velocity of the order of 
12 m/sec. This hypothesis is supported by certain mechanical observations 
which were made. 

7. The results need to be taken into account in considering the coding 
of information by this population of receptor units. Furthermore, the 
results indicate that facilitatory and inhibitory functions should not be 
attributed to central mechanisms until there is reason to exclude the 
possibility of more peripheral interactions. 


We wish to thank Professor J. A. B. Gray for his help during the final stages of the 
experimental work and in the preparation of the paper. C.A. was in receipt of a research 
training grant from the Medical Research Council and R.W.H. of a grant from the Swiss 


Academy of Science. 
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The classical studies of Burton-Opitz (1910) laid the foundation of 
modern knowledge concerning the physiological behaviour of the arterial 
circulation of the liver, and despite sporadic attempts to gain more 
intimate information about it a significant advance did not occur until 
recently, when Grayson and his co-workers pursued a detailed investiga- 
tion into the hepatic circulation in the rat (Grayson, 1952; Ginsburg & 
Grayson, 1954). The present investigations were undertaken to obtain 
more accurate data on the relationship between perfusion pressure and 
hepatic arterial blood flow in the dog. 


METHODS 


Twenty-five healthy dogs varying in body weight between 9 and 25 kg were used in these 
experiments. Anaesthesia was induced by intravenous injection of sodium pentobarbital 
(30 mg/kg) and a free airway was maintained by an endotracheal tube. 

Operative procedures. The abdomen was opened through an upper midline incision. 
Complete haemostasis was achieved either by diathermy coagulation or by ligature. The 
hepatic artery was exposed either in the free edge of the lesser omentum at a point distal to 
the origin of the gastro-duodenal artery, or at its origin from the coeliac artery, after ligation 
and division of the gastro-colic omentum. The periarterial nerve plexus was then carefully 
reflected, an occasional nerve fibre being sacrificed in order to expose approximately 2 cm 
of the artery. Collateral arterial vessels to the liver were then sought and the gastro- 
duodenal artery, the left gastric artery and the small arteries to the lesser curvature of the 
stomach were ligated. In a few experiments the common bile duct was ligated in order to 
occlude the fine arterial plexus which surrounds the duct and which may anastomose at a 
higher level with other branches of the hepatic artery. 

Before cannulation of the various vessels, heparin (‘Liquemin’, Roche Products, Ltd, 
1-9 mg/kg body wt.) was injected intravenously. The proximal portion of the exposed 
hepatic artery was ligated and after division of the vessel a wide-bore glass cannula was 
inserted into the distal cut end, a procedure facilitated by the application to the vessel wall 
of a small quantity of pethidine (50 mg/ml.) which eliminated spasm produced by manipu- 
lation of the vessel. 

In a few experiments both ends of the divided artery were cannulated, blood flow being 
re-established through a flow-meter, but in the majority the inflow connexion of the flow- 
meter was connected to a wide-bore polyethylene cannula inserted into the aorta through a 
femoral artery. The complete circuit is shown in Fig. 1. 


* Present address: Manchester Royal Infirmary, Oxford Road, Manchester 13. 
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Blood -flow estimation. The rate of hepatic arterial blood flow was measured by the density 
flowmeter described by Dawes, Mott & Vane (1953). In place of a mechanical time base and 
electromagnetic counter used by these authors, the time taken for 4 ml. of blood to flow 
through the metering chamber was measured in hundredths of seconds by a scaling unit with 
an A.C. mains time base (50 c/s). The apparatus was found to be capable of measuring 
blood flows up to 175 ml./min, with an accuracy of +2. The pressure drop across the 
cannulae and the meter in a series of experiments in vitro using blood was found to be 


10-15 mm Hg at 100 ml./min. 


To Hg manometer 
(hepatic artery pressure) 


Sigmamotor 
pump 


3 


' 


J 


To portal vein manometer 


Cannula in femoral artery 


Hg manometer 


Fig. |. Details of the methods employed to measure hepatic arterial 


blood flow and pressure. 


Pressure measurements, Arterial blood pressures were recorded on a kymograph by 
mercury manometers. Systemic arterial pressure was recorded from a cannula tied into a 
femoral artery, and hepatic arterial pressure from a narrow side arr in the arterial cannula. 
The anterior surface of the abdominal aorta was taken as the zero reference point for arterial 
pressure measurements. In certain experiments portal venous pressure was measured from 
a polyethylene cannula inserted into the pancreatico-duodenal vein and recorded either by a 
saline manometer or by a new type of recording manometer (Simpson & Torrance, 1959). 
The ventral aspect of the vena cava was taken as the zero-pressure reference point. 

Determination of pressure-flow curves. In the majority of experiments a Sigma motor 


pump, model TS6 with a Zero-Max control, was incorporated in the circuit proximal to the 
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flowmeter so that the rate of blood flow could be controlled accurately within wide limits. 
In a few experiments hepatic arterial perfusion pressure was varied by the application of a 
screw clip to the input connexion of the flowmeter. 

In all experiments the absence of collateral vessels was confirmed by temporary occlusion 
of the circuit. 

Following each alteration in perfusion pressure, a few moments were allowed for condi- 
tions to become stabilized. The mean flew rate was then determined from a series of at least 


six blood-flow measurements. 


RESULTS 
Relationship between perfusion pressure and blood flow in the 
hepatic arterial system 

The relationships between perfusion pressure and rate of blood flow were 
studied in twenty-five experiments in which absence of significant col- 
lateral channels was confirmed. Two experiments were abandoned because 
large collateral vessels could not be controlled. 

For purposes of analysis the initial pressure—flow curves from each indi- 
vidual experiment were selected. They showed that a non-linear relation- 
ship existed between perfusion pressure and blood flow in the hepatic 
arterial system. In general the curves showed a predominant convexity 
towards the flow axis, but in two instances curves convex to the pressure 
axis were found; in both experiments hepatic arterial resistance was 
unusually high—a finding which could not be accounted for by a mechanical 
defect in the perfusion circuit. In six experiments curves of definitely 
sigmoid shape were found, the apex of the convexity towards the pressure 
axis being situated around 40 mm Hg and the apex of the convexity 
towards the flow axis in the region of 70-80 mm Hg. In no instance did 
inflexions in the pressure-flow curves bear any relation to the systemic 
arterial pressure at the time of determination and this was taken as further 
evidence that collateral vessels had been satisfactorily occluded. In 
seventeen experiments the curves were purely convex towards the flow 
axis. 

The effects of rapid increase and decrease in perfusion pressure were 
studied but the changes in blood flow were similar to those following 
gradual alteration in perfusion pressure, and hysteresis effects could not 
be demonstrated by the technique employed. 

So that a standardized pressure-flow curve of the hepatic arterial 
system could be obtained, the results from each experiment were expressed 
as arterial flow per 100g liver at the various levels of arterial pressure. 
Statistical justification for the expression of arterial flow in terms of unit 
of liver weight is considered later. The standardized curve, with the 
standard deviation at each pressure level, is shown in Fig. 2. The curve is 
obviously convex towards the flow axis, the apex of the convexity being 
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situated around 90 mm Hg. Around 40 mm Hg the curve deviates per- 
ceptibly towards the pressure axis, resulting in a sigmoid curve. The mean 
arterial perfusion pressure at which hepatic arterial flow fell to zero, i.e. the 
‘critical closing pressure’ was found to be 18 mm Hg, 8.p. + 5-8. Signifi- 
cant differences between critical closing pressure and critical opening 


pressure were not demonstrated. 
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Fig. 2. The standardized pressure—flow diagram of the hepatic arterial circulation. 
The mean values and standard deviations were derived from twenty-five individual 
experiments. The form of this curve correlates closely with the results from indi 


vidual experiments 


The effects of varying periods of hepatic arterial occlusion on 
hepatic arterial resistance 
Lest the non-linear relationships between hepatic arterial pressure and 
blood flow were due in part to the effects of the subnormal inflow on the 
liver, the results of different periods of arterial occlusion were studied. The 
inflow connexion to the flowmeter was occluded for intervals varying from 
1 to 10 min; the hepatic arterial resistance before and after this procedure 
was then calculated, but no change was detected. The inhalation of a 
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mixture of 5% CO,+95% O, has been shown in other experiments 
(Torrance, 1959) to lead to a profound fall in mesenteric vascular resistance, 
but this did not affect hepatic arterial resistance. It seems unlikely, there- 
fore, that the increase in vascular resistance at the lower pressure and flow 
levels is due to the local effects of hypoxia on the hepatic circulation. 


The effect of ganglion blockade and atropinization on the hepatic 
arterial pressure—flow relationships 
In four experiments ganglion blockade was produced by intravenous 
injection of hexamethonium bromide (25mg). Comparison of the pressure 
flow curves obtained 20 min after injection with control curves showed a 
deviation towards the flow axis in three out of four experiments, but 
the general shape of the curves was not affected (Fig. 3). 
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Fig. 3. Comparison of pressure—flow curves from an individual experiment before 
and after intravenous injection of hexamethonium bromide. Interrupted line 


indicates control curve. 


The effects of an intravenous injection of atropine sulphate (3 mg) were 
also studied. In four separate experiments neither the form nor position 
of the pressure—flow curves was affected by the procedure. 

It can be concluded, therefore, that the changes in vascular resistance 
induced by alterations in hepatic arterial pressure are not dependent on 
extrinsic autonomic nerve influences. 
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Relationship between hepatic arterial flow and pressure and 
portal venous pressure 


In six experiments an attempt was made to determine the effect on 
portal venous pressure of variations in the hepatic arterial flow and 
pressure. Simultaneous measurement of portal venous flow by a rotameter 
and of hepatic artery flow was accomplished only in one experiment, 
owing to the technical difficulties involved. 

In every instance portal venous pressure fell when the hepatic arterial 
circulation was occluded, although the fall was by no means uniform. The 
mean decrease in pressure was 1-5 cm of saline, with a range of 0-9-2-5 em 
of saline, 8.p. + 0-47. 

When hepatic arterial flow was varied, portal venous pressure increased 
or decreased directly with the changes in hepatic-artery flow but the 
change in pressure was frequently delayed for 30-60 sec, and was 
occasionally followed by an increase or decrease towards the control 
value. 

Stable curves showing the effects of variation in hepatic artery flow and 
hepatic artery pressure on portal venous pressure were obtained in three 
out of six experiments. Portal venous pressure varied in an approxi- 
mately linear fashion with hepatic arterial blood flow, except at maximal 
rates of flow, when a disproportionate increase in portal venous pressure 
occurred. When hepatic arterial pressure was plotted against portal venous 


pressure, however, a sigmoid curve was obtained, the orientation of the 


curve being similar to that of the arterial pressure—flow relationship 
(Fig. 4). 
Spontaneous variations in hepatic arterial flow 

Throughout these experiments evidence was sought of spontaneous 
variations in hepatic arterial flow, but hepatic arterial resistance was 
found to remain constant within narrow limits over long periods, provided 
that the systemic blood pressure was maintained. In those animals in 
which large phasic variations in blood pressure were present, hepatic- 
artery flow showed corresponding fluctuations. When such variations in 
hepatic arterial flow were compared with a control pressure—flow curve, it 
was obvious that they could be accounted for entirely by the passive 
effect of the rhythmic alterations in arterial pressure. 


Correlation of hepatic arterial flow with liver weight 
At the conclusion of the experiments the liver was removed and weighed, 
no attempt being made to prevent blood loss from the major blood vessels. 
The mean liver weight in this series of experiments was found to be 2-26 % 
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of the body weight, a figure in close agreement with that obtained by 
Grindlay & Bollmann (1952). 

In order to investigate the relationships between hepatic-artery flow 
(HAF) and liver weight (LW), the arterial flow within a closely defined 
pressure range 100-110 mm Hg was selected for the purposes of compari- 
son. Statistical examination showed a highly significant correlation 
between hepatic arterial flow and liver weight (f = 12-21, P < 0-005). 
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Fig. 4. In three experiments the relationships between portal venous pressure ( @) 
and hepatic arterial pressure was sigmoid, probably indicating a relationship with 
the sigmoid hepatic arterial pressure-flow curve ( x ). The results of one of these 


experiments are demonstrated. 


A linear regression line was calculated, the best fitting line being expressed 
by the formula HAF = 0-166 LW + 38-69 (Fig. 5). The significant correla- 
tion between arterial flow and liver weight provides reasonable justifica- 
tion for expressing hepatic arterial flow in terms of liver weight as used in 
the, calculation of the standardized pressure—flow curve. 

The relationships between hepatic arterial flow, liver weight and body 
weight are shown in Table 1. Mean hepatic arterial flow, expressed in 
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Hepatic arterial flow (mli./min) 
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Fig. 5. Llustrating the relationship between hepatic arterial blood flow within a 
defined pressure range (100-110 mm Hg) and liver weight. The best fitting linear 


regreasion line is shown 


Taste 1. Hepatic arterial flow rates expressed in terms of liver weight 
and body weight 


Hepatic arterial Hepatic arterial 
Hepatic arterial flow flow 
flow (ml.jmin) at Body weight Liver weight (mil./min/100 g (ml. /min/kg 
100-110 mm Hg (kg) ‘g) liver) body weight) 
14-5 285 26-3 
14-0 4i4 29-4 
160 400 16-5 
140 320 37°: 
14-0 26 
10-0 27! 27 
11-6 2 37 
14-0 345 23 
14-0 35 28 
14-0 2% 43 
15-6 
10-0 34) 17 
25-0 
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16-5 
16-0 
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17-5 
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16-0 
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terms of units of liver weight, was found to be 27-2 ml./min/100 g liver 
weight, s.p. = +5-6. Mean hepatic arterial flow expressed in terms of 
body weight was 6-9 ml./min/kg body weight, s.p. = +1-9. 


DISCUSSION 

It has been recognized for some time that the relationship between 
perfusion pressure and blood flow in many vascular beds is non-linear. 
The first indication that the splanchnic circulation also possessed non- 
linear pressure—flow characteristics was provided by Ginsburg & Grayson 
(1954), and by Johnson (1954), who studied the effects of alterations in the 
systemic blood pressure on liver blood flow by the method of internal 
calorimetry (Grayson, 1952). They concluded that the hepatic circulation 
was endowed with an intrinsic auto-regulatory system so that blood flow 
through the liver could be maintained at a fairly constant level despite 
wide variations in systemic blood pressure. The present experiments have 
shown that the pressure—flow curve of the hepatic arterial circulation in 
the dog is predominantly convex towards the flow axis, a finding which is 
in accordance with the results of Ginsburg & Grayson (1954) in the rat. 

It has been shown in this series of experiments that hepatic arterial 
resistance reaches infinity at a mean pressure of 18 mm Hg, i.e. the critical 
closing pressure (Burton, 1951). A sigmoid type of pressure—flow curve in 
the hepatic arterial system could be explained on the basis of a series of 
parallel vascular channels possessing critical closing pressures distributed 
between 18 and 100 mm Hg, so that as the perfusion pressure increased 
above the critical opening pressure the opening of extra circuits would lead 
to a steady fall in vascular resistance, until above 100 mm Hg the majority 
of circulatory pathways are perfused. Brauer, Leong, McElroy & Hollo- 
way (1956), using the isolated perfused rat liver preparation, also applied 
this hypothesis to explain the results of their studies on the pressure-flow 
relationships in the intrahepatic portal venous system. 

The curve relating pressure and volume in large isolated elastic arteries 
such as the aorta has been shown to be sigmoid in shape (Roy, 1880; 
Hallock & Benson, 1937). Furthermore, the response of the resistance 
vessels to varying intraluminal pressure may also be determined by the 
response of the intramural smooth-muscle fibres. It has been suggested 
that when the pressure is increased the tendency to passive distension of 
the vessel is opposed by a myogenic constrictor reaction in the vessel wall 
(Bayliss, 1902; Folkow, 1949; Patterson & Shepherd, 1954; Coles & 
Greenfield, 1956). The evidence in favour of this concept has been accu- 
mulated entirely from studies of the circulation of the limb, and may not 
apply to the vessels of the visceral circulation. The anomalous viscosity 
properties of blood (Bayliss, 1952) are also likely to influence the pressure- 
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flow pattern to a considerable degree. Unfortunately it is not possible to 
determine from the present data which of these various factors is respon- 
sible for the non-linear pressure—flow relationships in the hepatic arterial 


circulation. 

Using a mechanical stromuhr, Burton-Opitz (1910) estimated hepatic 
arterial flow to be 26 ml./min/100 g liver and 7-4 ml./min/kg body weight. 
McLeod & Pearce (1914) estimated hepatic arteriai flow by the effects of 
occlusion of the hepatic artery on hepatic venous outflow and derived a 
mean value of 31 ml./min/ 100 g liver. Grodins, Osborne, Ivy & Goldman 
(1941) obtained a similar result (26 ml./min/100 g liver) using a thermo- 
stromuhr. The mean hepatic arterial flow in the present experiments was 
27-2 ml./min 100g liver, which agrees closely with the results of these 
earlier workers. On the other hand, the results obtained by Grab, Janssen 
& Rein (1929) and Grindlay, Herrick & Mann (1941) using thermo- 
stromuhrs, and Blalock & Mason (1937) using a collection method, indi- 
cated a much smaller contribution of hepatic arterial flow to liver blood 
flow. It seems likely, however, that the methods employed to estimate the 
rate of arterial flow were inadequate and liable to error from extraneous 
uncontrolled factors. 

SUMMARY 

|. A method has been developed to study the dynamic behaviour of the 
hepatic arterial circulation in the dog. 

2. The pressure—flow relationships in the hepatic arterial system were 
found to be non-linear and either predominantly convex to the flow axis 
or sigmoid. 

3. Ganglion blockade and atropinization did not affect the general 
shapes of the pressure—flow curves. 

4. The effects of variations in hepatic arterial blood flow and pressure 
on portal venous pressure were studied. 

This work was carried out during the tenure of a Scottish Hospitals Endowment Research 
Trust Fellowship. I should like to express my gratitude to Dr B. Woolf and to Dr Donald 
Michie for the statistical calculations, to Mr G. Brooks and Mr Eric Leask for expert 
technical assistance and to Dr David Simpson of the Medical Physics Unit, University of 
Edinburgh, for his constant helpful advice. 
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When the isolated saline-perfused rat heart is removed from the 
cannula, transected, blotted and allowed to stand in a weighing bottle, 
clear fluid exudes from it after a time. As the amount of this fluid is far in 
excess of the vascular volume, it seemed probable that it was being squeezed 
out of the interstitial spaces when the muscie fibres went into rigor. This 
observation suggested that it might be possible to express the extra- 
cellular fluid from the heart by simple compression. 

The work described in this paper shows that in defined conditions it is 
possible to express reproducibly from the rat heart a volume of fluid equal 
to the extracellular volume. The composition of this fluid indicates that it 
is not unaltered extracellular fluid. Nevertheless, the observations provide 


a justification for the belief that raffinose and sorbitol spaces can be 
identified with the volume of mobile extracellular water. 


METHODS 


Anwmals. Albino rats of Wistar stock weighing between 200 and 300 g were used. 

Preparation of hearts. Hearts were removed under ether anaesthesia. If they were to be 
perfused, the procedure of Bleehen & Fisher (1954) was used, with the modifications 
described by Fisher & Lindsay (1956) and Bronk & Fisher (1957). When raffinose or sorbitol 
was used it was added to the perfusate in a concentration of 1 g/100 ml. Hearts were divided 
into anterior and posterior halves by a single cut with a scalpel and lightly blotted on 
Whatman No. 54 paper before compression. 

Compression apparatus. The apparatus is shown in Fig. |. It consists of a Perspex 
cylinder with a screw cap at each end. A rubber toy balloon is drawn over a conical expansion 
at the end of a Perspex tube. The balloon is drawn through a hole in the bottom of the 
Perspex cylinder and the cone on the Perspex tube is held against a conical seating in the 
bottom of the cylinder by the lower screw cap. Two circular Perspex slabs lie in the cylinder, 
the upper of which is turned out on its upper surface and has two notches in its rim, so that 
air can be expelled from the cylinder past it and out through a central hole in the top screw 
cap. After being weighed the halves of the heart are placed between two 3 cm Whatman 
No. 54 paper cireies backed on each side by three 3 em No. | papers, and the whole sandwich 
is placed between the Perspex disks, and inserted into the cylinder. The top cap is screwed 


on and the balloon inflated to a known pressure. The balloon is connected through a three 
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way tap to the atmosphere on one side and to a compressed-air cylinder on the other. A side 
tube in the compressed-air line connects to a mercury manometer. 

After compression for a measured time the heart residue is weighed. For analysis the 
heart and the papers are homogenized separately in a top-drive homogenizer. The extract of 
the paper can be separated by filtration through sintered glass. The heart extract is de- 
proteinized with cadmium sulphate and NaOH (Fujita & Iwatake, 1931). 

Raffinose determination. The method used was that of 8. W. Cole (unpublished), which 
depends on the development of a Seliwanoff colour in prescribed conditions. The optical 
density was measured in a Unicarn SP 600 absorptiometer at 480 my. 

Sorbitol determination. Sorbitol was estimated by the method described dy Fisher & 
Lindsay (1956). 

Creatine determination. The diacetyl method of Ennor & Stocken (1948) was used. Optical 
density was measured with the SP 600 at 520 mu. 
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Compressed air 


Fig. 1. Heart compression apparatus. The two halves of the heart are placed 
between the Perspex disks A and B resting on the balloon D, which is inflated 
after screwing on the cap C. 


RESULTS 


Conditions for the reproducible expression of fluid. When pressure was 
applied for 3 min it was found that weight loss was not increased by 
raising the pressure above 500 mm Hg. The results are shown in Fig. 2. 
However, the weight loss in these experiments did not approach the figure 
of 250-280 mg/g wet weight which was to be expected if all the extra- 
cellular fluid had been expressed (Lowry, Hastings, Hull & Brown, 1942; 
Lemley & Meneely, 1952). 
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way tap to the atmosphere on one side and to a compressed-air cylinder on the other. A side 
tube in the compressed-air line connects to a mercury manometer. 

After compression for a measured time the heart residue is weighed. For analysis the 
heart and the papers are homogenized separately in a top-drive homogenizer. The extract of 
the paper can be separated by filtration through sintered glass. The heart extract is de- 
proteinized with cadmium sulphate and NaOH (Fujita & Iwatake, 1931). 

Raffinose determination. The method used was that of 8. W. Cole (unpublished), which 
depends on the development of a Seliwanoff colour in prescribed conditions. The optical 
density was measured in a Unicam SP 600 absorptiometer at 480 my. 

Sorbitol determination. Sorbitol was estimated by the method described by Fisher & 
Lindsay (1956). 

Creatine determination. The diacetyl method of Ennor & Stocken (1948) was used. Optical 
density was measured with the SP 600 at 520 muy. 
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Fig. 1. Heart compression apparatus. The two halves of the heart are placed 
between the Perspex disks A and B resting on the balloon D, which is inflated 
after screwing on the cap C. 


RESULTS 


Conditions for the reproducible expression of fluid. When pressure was 
applied for 3 min it was found that weight loss was not increased by 
raising the pressure above 500 mm Hg. The results are shown in Fig. 2. 
However, the weight loss in these experiments did not approach the figure 
of 250-280 mg/g wet weight which was to be expected if all the extra- 
cellular fluid had been expressed (Lowry, Hastings, Hull & Brown, 1942; 
Lemley & Meneely, 1952). 
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A second set of trials was made using different times of compression at 
500 mm Hg. The results are shown in Fig. 3. These data show that weight 
loss ceases after approximately 15 min and that the magnitude of the 
maximal loss corresponds to that of the extracellular fluid. 
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Fig. 2. The relation between weight loss of the compressed heart and 


applied pressure. Compression time, 3 min. 
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Fig. 3. The relation between weight loas of the compressed heart 
and compression time. Pressure = 500 mm Hg. 
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In a larger series of trials one half of each heart was compressed for 
15 min at 500 mm Hg and the other half was compressed for 30 min. Two 
compression chambers were used and a trial on eight hearts was designed 
so that the effects of difference in time of compression, differences between 
anterior and posterior halves of the heart and differences between the first 
and second half of the heart to be put under compression could be analysed. 
The results are given in Table 1. 

Tas.e |. The influence of compression time, order of compression and source of tissue on the 
weight loss of fresh rat heart on compression at 500 mm Hg pressure: eight experiments 


Mean wt. 
loss 
(mg/g) P 


Anterior half of heart 270-6 
. . O02 0-0 
Posterior half of heart 301-6 ‘ - l 


Ist portion compressed 296-3 


c “ O1 > 0-05 
2nd portion compressed 276-0 : 


Portion compressed 15 min 275-5 


2 " * 
Portion compressed 30 min 296-8 O1 > 0-05 


TABLE 2. The relation between sorbitol space and weight loss on 
compression of hearts perfused for 30 min 


Sorbitol Wt. loss on 
space compression 
(pl./g) (mg/g) 

348 324 
325 273 
350 359 
318 352 
309 280 
306 286 
338 285 
311 338 
Means 325-6 312-6 


Mean difference 13-5 + 12-7 


Analysis of variance showed that the difference between the two halves 
of the heart was on the borderline of significance, but that time of com- 
pression or the order in which the samples were compressed had no 
significant effect on the outcome. That is, time of compression beyond 
15 min is not critical and delay between death and compression up to the 
5 min which sometimes elapsed in these experiments is not of importance. 
The mean weight loss in these experiments was 286 + 5 mg/g (s.8. of mean) 
for female rats weighing 200-300 g. 

Relation between weight loss and sorbitol space. Perfusions lasting 30 min 
with Krebs’s bicarbonate medium containing | g sorbitol/100 ml. were 
carried out on eight hearts. The results of determinations of sorbitol space 
and weight loss on compression are given in Table 2. It is clear that there 
is no systematic difference between the two sets of measurements. 
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Relation between raffinose space and weight loss. Series of hearts were 
perfused with Krebs’s bicarbonate medium containing 1 g raffinose/100 ml. 
for 15, 30 and 60 min respectively. The results of raffinose space and weight 
loss measurements are given in Table 3. The correspondence here is better 
than in the sorbitol experiments: this is probably attributable to the diffi- 
culty of measuring small concentrations of sorbitol accurately. 


Tas_e 3. The relation between raffinose space and weight loss on compression 
of hearts perfused for various intervals of time 


Duration of Raffinose Wt. loss on 
perfusion space compression 
(min) (pl./g) (mg/g) 
15 342 338 

322 321 
330 349 
Means 331 336 
Mean difference 4-3 + 7-2 
22 
358 
324 
358 
Means 341 
Mean difference 4:5 + 5-9 
377 
383 
360 
389 
386 
397 
355 
381 
Means 379 


Mean difference 11-8 + 7-5 


The composition of the expressed fluid. The correspondence between 
chemically determined extracellular space and weight loss gave ground for 
hope that separated samples of extracellular fluid could be obtained by 
this method. However, when estimations of raffinose in the expressed 
fluid were made, it was found that it contained significantly less than did 
the whole heart. In further studies the partitiun of raffinose and creatine 
between expressed fluid and heart residue was studied. Unpublished 
experiments had shown that in the conditions normally used for heart 
perfusion very little creatine is lost by the heart, the ratio of concentration 
in intracellular water to concentration in perfusate being of the order of 
a thousand to one. Thus raffinose and creatine constitute a pair of solutes 
one of which does not normally enter cells, whilst the other is normally 
retained in the cells. The results of these measurements are given in 
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Table 4. They show that during compression approximately 37% of the 
raffinose has passed into the intracellular water whilst 37 °/, of the creatine 


has passed out. 


Tasie 4. The partition of raffinose and creatine between perfusate, expressed fluid and 
residual heart water, for hearts perfused for | hr with 1% raffinose 
Experiment 
CES 27 Ee eee 
1 2 3 
Creatine (yg/ml.) Perfusate 4-4 3-9 3-0 


Expressed fluid 1764-0 2053-0 1748-0 
Residual water 2192-0 2471-0 2557-0 


Raffinose (mg/ml.) Perfusate 9-81 1G 15 10-29 
Expressed fluid 6-67 6-11 7-07 
Residual water 3-30 2-86 3-12 

Raflinose space (ul./g) 397 355 381 

Wt. loss on compression (mg/g) 374 375 353 


37-1 % of the creatine has come out, and 36-5 % of the raffinose has gone into the cellular 
compartment. 
Taste 5. The influence of anoxia on the efflux of creatine from the 
cells of the perfused rat heart 
Anoxia resulting from equilibration of perfusate with N,+5% CO, 
Creatine 
added during 


Gas Time Time of interval 
equilibration (min) sampling (oa) 
Expt. 1 0,+5% CO, 0-20 20 36 
N,+5% CO, 20-25 31 20 
0,+5% CO, 25-52 52 14 


Expt. 2 0,+5% CO, 26 26 
N,+5% CO, 26-36 41 
0,+5% CO, 36-71 71 
Expt. 3 0,+5% CO, 45 45 
N,+5% CO, 5-60 65 
0,+5% CO, 85 85 


Anoxia resulting from stasis 
0,+5% CO, 30 30 
Stasis 40 45 
0,+5% CO, 60 60 


The effects of anoxia on creatine loss from the heart. The experiments just 
described appeared to indicate a rapid post-mortem increase in cell 
permeability. Experiments were made to determine whether this was the 
result of the onset of anoxia. The effect of anoxia on the escape of creatine 
from the heart was determined, the anoxia being produced either by 
switching the equilibrating gas mixture from 95% 0,+5% CO, to 
95%, N,+5% CO, or by clamping off the inflow of oxygenated perfusate 
to the heart. The results of these experiments are given in Table 5. Despite 
the irregularity of the results it is quite clear that there is no greater leak 
of creatine from the anoxic heart than from the aerobic heart. 
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Two 45 min perfusion experiments were made in which raffinose was 
perfused, with nitrogen as the equilibrating gas, to determine whether in 
these circumstances the raffinose space became larger than the weight loss 
on compression. In one experiment the raffinose space was 425 jl./g and 
weight loss 429, in the other raffinose space was 312 and weight loss 320. 
There is therefore no evidence that anoxia is a factor in changing cell 
permeability to creatine or raffinose. 

The water content of compressed hearts. Confirmation of the view that 
weight loss on compression is due to expression of fluid from the extra- 
cellular space is given by measurement of the water content of the residue 
after compression. Table 6 gives such measurements, together with the 
weight loss on compression for fresh hearts, and hearts perfused for 
30 min. The weight loss on compression is much greater for perfused hearts, 
but the water content of the residue is almost identical in the two series. 


TaBLe 6. The partition of water between expressed fluid and heart residue, 
for control hearts (unperfused) and hearts perfused for half an hour 


Expressed fluid 
(g H,O/g heart solid) Residual water 


Controls (8) 1-274 +0-046 2-674 + 0-03 
Perfused (8) 2-145+0-114 2-788 + 0-03 


DISCUSSION 
The results of this work show that the fraction of fresh heart weight 
lost on compression is reproducible, provided that the pressure and time 
of compression exceed certain minimal values. This in itself suggests that 
the weight loss corresponds to some definite structural fraction of the 
tissue. The fact that the weight loss of the fresh heart is equal in magnitude 
to the published estimates of the extracellular volume of the rat heart 
supports the identification of the fraction lost with the extracellular fluid. 
The correspondence in magnitude between weight loss and previous 
estimates of the extracellular space cannot be expected to be perfect. The 
two series of observations on weight loss in fresh hearts which are given in 
Tables | and 6 do not agree with one another. This is a sex difference. The 
data of Table | give a mean of 286 + 5 mg/g for eight female rats. The data 
of Table 6 give a mean of 257 +7 for eight male rats. Lemley & Meneely 
(1952) give 280 + 21 yl./g for sodium space in 11 male rats of the Sprague— 
Dawley strain. Lowry et al. (1942) give 239 + 4 ul./g as the chloride space 
of hearts of forty-seven rats of the Yale—Cornell strain; the sex is not 
stated. 
It seems, therefore, that there are real differences in extracellular volume 
in the hearts of different strains and sexes of rat. Establishment of identity 
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of weight loss with extracellular space calls for chemical and compression 
measurements on the same heart. 

The measurements reported here show that the loss on compression of 
the fresh heart corresponds to both the sorbitol and the raffinose spaces. 
It has also been shown that when the heart becomes oedematous during 
perfusion, as judged by the raffinose space, the compression loss increases 
correspondingly. It is clear, therefore, that the correspondence found in 
the fresh heart is not merely an arithmetical coincidence : the two kinds of 
measurement are measuring the same property of the heart. 

It is to be expected that saline perfusion will render the heart oede- 
matous. Since the heart continues to function quite well in our conditions 
for the whole period of perfusion it is unlikely that major disorganization 
of its cells will occur in this time. The partition of heart water between that 
lost on compression and that retained corresponds very plausibly on this 
basis with a partition between extracellular and intracellular. As can be 
seen from Table 6, the increase in the compression loss, when it is expressed 
with reference to heart solids, is large; in these experiments it is 68°. In 
contrast, the increase in residual water is small, amounting to 4%. Com- 
parison with the data of other workers for intracellular water does not 
much reinforce the appeal to plausibility, however, for much the same 
reasons as those that have already been discussed in connexion with extra- 
cellular water. It is true that Lowry et al. (1942) derived an intracellular 
water estimate for their Yale—Cornell animals of 2-7 g/g solids, as compared 
with 2-67 for the data of Table 6, but the data of Lemley & Meneely (1952) 
yield a value of 2-0 g/g solids. 

The importance of these experiments is that they bring to bear another 
kind of measure of the extracellular space. Even though the direct determi- 
nation of extracellular space by compression may not recommend itself as 
a routine procedure, the fact that it gives results in a variety of conditions 
which agree with those obtained by two different chemical methods should 
increase confidence in the interpretation of the chemical methods. 

This confidence should not be disturbed by the evidence presented for 
the passage of raffinose into the cells and for the passage of creatine out of 
them during the compression period. During compression all cells lying in 
the continuous extracellular phase can be taken to be subjected uniformly 
to increased pressure, since the rate of flow of fluid from the heart is low. 
As a consequence, intracellular and extracellular pressures should be 
equal. Thus, any increase of water influx of hydrostatic origin should be 
balanced by an equal increase in efflux. On the other hand, for solutes 
such as raffinose and creatine, which are asymmetrically distributed about 
the cell membrane, rise in hydrostatic pressure will accelerate net flux 
down the concentration gradient. However, since the absolute pressure 
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in the tissue rises by less than a factor of two during compression, there 
must be a permeability change to account for the rapid movement 
observed for these two solutes. 

The important thing about the movements of raffinose and creatine is 
that they occur to just about the same extent in opposite directions, and 
thus confirm approximately the judgement made here that the flux of 
water, which is initially present in very similar concentrations on the two 
sides of the cell membrane, will be increased correspondingly in both 
directions as a result of the changes occurring during compression. That is, 
there should be negligible net water flux in either direction. 

The outcome of this work is therefore that one can accept with greater 
confidence than hitherto the view that the sorbitol space and the raffinose 
space of the heart are good measures of the volume of extracellular fluid. 


SUMMARY 


1. When the transected rat heart is compressed between filter papers at a 
pressure not less than 500 mm Hg and for a time not less than 15 min it 
loses weight to an extent independent of the pressure or time of com- 
pression. 

2. The weight loss of perfused hearts corresponds in magnitude to the 
expected volume of extracellular fluid. 

3. The weight loss of perfused hearts corresponds to the raffinose or 
sorbitol space of the heart. 

4. The water content of the residue after compression is almost identical 
for fresh hearts and for hearts perfused for up to an hour. 

5. When the heart has been perfused with raffinose, there is less of this 
in the fluid and much more creatine than there would be expected to be 
in extracellular fluid. 
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CONTRACTILITY AND SUGAR PERMEABILITY 
IN THE PERFUSED RAT HEART 


By P. ZACHARIAH* 
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The work to be described shows that the permeability of the rat heart to 
a non-metabolized sugar changes continuously during perfusion with 
Krebs-bicarbonate medium. Such a preparation is obviously unsuitable 
for the study of the kinetics of permeation of the cells by sugars. A prepa- 
ration with more stable permeability properties is described which can be 
obtained by the use of a modified perfusion medium. 


METHODS 


Animals. Male albino rate weighing between 220 and 280 g were used. They were kept for 
a few days before use in a room at a constant temperature of 23° C, They had free access to 
water and food. 

Operative procedure. This waa that described by Bronk & Fisher (1957), except that 4 mg 
heparin (British Drug Houses) dissolved in | ml. normal saline solution was injected intra 
venously 3 min before the excision of the heart. 

Perfusion technique. Earlier workers in this laboratory (Bleehen & Fisher, 1954; Fisher & 
Lindsay, 1956; Bronk & Fisher, 1957) recirculated the perfusate continuously through 
cellulose extraction thimbles. In the course of studies on sugar efflux from perfused hearta 
D. A. B. Young in this laboratory found that significant portions of the heart were occasion 
ally not perfused. This appeared to be due to inadequate filtration of the perfusate. A more 
effective filtration procedure, illustrated in Fig. 1, was therefore adopted. The perfusate 
leaving the heart was carried by a gas lift (5% CO, in O,) to a reservoir from which it passed 
under hydrostatic pressure to a sintered-glass filter with a pore size of 5-10 w (No. 17, 
Gallenkamp). With a hydrostatic pressure of 75 cm water and a filter diameter of 7 cm, the 
rate of filtration was about 30 ml./min, i.e. about three times the maximum rate of perfusion. 
It was advisable to use an extraction thimble in the filter reservoir to delay blockage of the 
sintered “lass filter. 

As is shown in Fig. 1, the effluent from the filter was returned to the perfusion reservoir by 
a second gas lift. The fluid level in the filter reservoir was slightly lower than in the perfusion 
reservoir; the exceas of perfusate returned to the perfusion reservoir from the filter was 
transferred to the other reservoir by a siphon connecting the two. The heart perfusion 
pressure was 60 em H,O. 

Measurement of the rate and force of contraction of the heart. In order to measure the force 
of contraction of hearts perfused by the closed-circuit technique, the heart chamber and 
accessories shown in Fig. 2 were devised. The valve in the outflow line from the heart 
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chamber was made of thin sheet rubber and this valve prevented the regurgitation of fluid 
into the heart chamber due to back pressure in the return tube leading to the filtration 


reservoir. 
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reservoir 
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Sintered Perfusate 
filter . 
t out 




















Fig. 1 Fig. 2 
Fig. 1. Closed-circuit perfusion unit with improved filtration apparatus. 
Fig. 2. Accessories for recording the contractility of the heart perfused in the closed- 


eircuit unit. 


In the preliminary experiments the amplitude of contraction of the hearts was determined 


with a kymograph and isotonic lever. Later more precise measurements were made with a 
transducer (RCA 5734) and a cathode-ray oscillograph (A. C. Cossor Ltd., Model 1049, 
Mk. II). The heart was connected to the anode pin of the transducer through a fine steel 
spring, as shown in Fig. 2. The transducer was mounted on a stand with a vertical rack and 
pinion so that the tension of the spring could be adjusted easily. Normally the tension was 
adjusted to be equal to 1-5 g during diastole. The output of the transducer was used to trigger 
a thyratron coupled to an electromagnetic counter and the heart rate was determined on this 
at regular intervals 

Perfusate. The basic perfusate was Krebs-bicarbonate medium (Krebs & Henseleit, 1932), 
containing half of the concentration of calcium that was originally recommended. 

Determination of the sugar uptake by the heart. On removal from the perfusion apparatus 
the heart was quickly blotted on hardened filter paper and weighed. It was then homo- 
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genized in 25 ml. of water. A portion of the homogenate was removed for dry weight 
determination and the proteins in the rest of the homogenate were precipitated with CdSO, 
and NaOH (Fujita & Iwatake, 1931). A sample of the perfusate was also removed at the 
end of perfusion and treated in the same manner as the homogenate. The filtrates were 


analysed for pentose and raffinose. 


Analytical techniques 


Pentose estimation. A slightly modified version of the p-bromoaniline method of Roe & 
Rice (1948) was used. The temperature of the reaction was raised to 80° C and the intensity 
of colour was estimated between 90 and 130 min after removal of the tubes from the hot 
water-bath. 

Raffinose estimation. The method of 8. W. Cole (unpublished), which is based on an adapta- 
tion of the Seliwanoff reaction, was used. 

Chleride estimation. The titrimetric method of Sendroy (1937) was used. 

Potassium estimation. A nitric-acid digest of the dried residue of the heart (vide infra) was 
analysed by flame photometry. 

Dry weight determination. A portion of the heart homogenate (equal to 2/5 of the total 
volume) was dried in an oven at 110° C for 12 hr and the weight of the residue determined. 
The dry weight of the whole heart was calculated from this. The coefficient of variation of 


dry weight determination by this method was 0-24 %. 


Calculations 

The extracellular space was taken to be equal to the raffinose space (Helmreich & Cori, 
1957). 
Intracellular water content = wet weight —(dry weight + extracellular space). 
i sugar content of the tissue 
Total sugar space = . 

sugar concentration in the perfusate 

Intracellular pentose space = total pentose space — extracellular space. 


intracellular pentose space 


Percentage penetration of cell water pentose = = ; 
volume of intracellular water 
The mean of the results of a group of observations is presented as mean +s.£. of mean 


(number of observations). 


RESULTS 
Rate of coronary flow. In a series of eleven hearte perfused by the method 
of Bleehen & Fisher (1954) it was found that the mean flow rate fell from 
8-4 ml. to 5-5 ml./min/g wet wt. in the course of 45 min of perfusion. 
Comparable values for a set of seven hearts perfused at the same pressure 
head, but using the sintered-glass filter procedure, were 9-9 and 8-3 ml./ 
min/g wet wt. In the latter series the flow rate at the end of 90 min was 
6-2 ml./min/g wet wt. J. R. Williamson and R. B. Fisher (unpublished 
observations) have found that the oxygen consumption of the perfused 
rat heart at 37° C. is 37-5 ml./g dry wt. hr. This requires a perfusion rate 
of at least 5 ml./g wet wt.; fmin of perfusate saturated with 95°, O,. Thus 
the incorporation of the sintered-glass filter into the perfusion apparatus 
provides a better margin of safety with regard to the adequacy of the 
perfusion. 
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Contractility 

It soon became clear that the force of contraction of hearts perfused by 
the new technique was falling off quite rapidly. After 45 min in all but 
a few hearts the beat appeared to be feeble. This was confirmed by 
measurement of the amplitude of contraction with a kymograph and an 
isotonic lever. A more detailed study of the pattern of the changes in the 
contractility of the perfused hearts was made with the aid of a transducer. 

The force of contraction of the heart was determined at intervals of 
5 min, the increase in the voltage of the output of the transducer being 
proportionate to the force applied to the anode pin by the contraction. As 
there was considerable individual variation in the absolute values deter- 
mined in this way, the contractility of each heart was recorded as a 
percentage of the mean of the six determinations made during the first 
30 min of perfusion; this mean value was taken to be the normal ‘con- 
tractility of that heart. The efficacy of any perfusate in providing a stable 
isolated-heart preparation could be estimated from the duration of 
‘normal’ contractility in a group of three or more hearts perfused with the 
medium. 

The contractility changes in four hearts perfused with Krebs-bicarbonate 
medium are shown in Fig. 3. The reproducibility of the changes is obvious. 
[t is also seen (from this figure) that in a group of eight hearts perfused 
with this medium the duration of normal contractility was only 35 min. 
In these and subsequent experiments no correlation was observed between 
heart rate and the change in force of contraction. There was considerable 
variability in rate between hearts, but each heart maintained its rate fairly 
steadily throughout the period of observation. The majority of heart rates 
were in a range of 220-260 beats/min. 

In the above experiments the concentration of calcium in the perfusate 
had been halved, as was the practice of previous workers in this laboratory 
and elsewhere (e.g. Boyle & Conway, 1941), in order to allow for the 
absence of the calcium-binding effect of the plasma proteins in the saline 
perfusate. However, magnesium is also bound by proteins to a similar 
extent (Greene & Power, 1931). Thus in these experiments the concen- 
tration of ionic magnesium was higher than in plasma, both in absolute 
terms and in comparison to the concentration of calcium. When the 
magnesium concentration was also reduced by half, the duration of normal 
contractility was extended to 55 min; small changes in the magnesium 
content of the perfusate around this value were of no effect. In all the 
subsequent experiments the concentration of calcium and magnesium in 
the perfusate was reduced to half that recommended by Krebs & Henseleit 
(1932). Sets of three to four control perfusions with this medium were 
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made at intervals throughout this investigation and have shown satis- 
factory reproducibility. 

Attempts to delay the onset of deterioration of the heart by the pro- 
vision of nutrients known to be utilized by the heart (glucose with insulin, 
succinate, lactate, pyruvate, acetoacetate) were unsuccessful. The duration 
of normal contractility could not be prolonged by reducing the external 
work done by the heart, increasing the rate of coronary flow with erythritol 
tetranitrate or by the use of a strophanthus preparation (ouabain). 
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Fig. 3. The pattern of contractility changes in hearts perfused with Krebs-bi- 
carbonate medium. The amplitude is recorded as the percentage of the mean 
recorded amplitude (measured at 5 min intervals over the first 30 min). The 
different symbols show the time course for four individual hearts. The line is the 


mean time course of eight hearts, including the four shown individually. 


However, bovine plasma albumin (Fraction V, Armour Laboratories) 
had a marked stabilizing effect (Fig. 4). This effect persisted after dialysis 
of the protein against water or the bicarbonate medium. Increase in the 
concentration of albumin up to 2 g/100 ml. was of no additional benefit. 
Nor was this effect specific to serum albumin: bovine y-globulin was even 
more effective, though its use was limited by its ready denaturation during 
perfusion. The beneficial effect could be produced more conveniently by 
dialysed bovine serum (Fig. 4) and here again increase in the concentration 
of serum above 2 ml./100 ml. produced no definite increase in the effect. 
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The commencement of the failure of the heart at about 75-85 min in 
the presence of the serum proteins was found to be partly due to lack of 
nutrients. When glucose and insulin (200 mg and 500 m-u./190 ml.) were 
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Fig. 4. The effects of serum albumin and dialysed serum on contractility. The 
basal perfusate was Krebs-bicarbonate medium with half the normal concen- 
trations of calcium and magnesium. The line shows the time course of contractility 
in the absence of protein. x, bovine albumin, fraction V (500 mg/100 ml.):; 

dialysed serum (2 ml./100 ml.); @, dialysed serum (4 ml./100 ml.); . 


dialysed serum (16 ml./100 ml.). 
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Fig. 5. The effect of nutrients and dialysed serum on contractility. The basal per- 
fusate was the same as in Fig. 4 x, pyruvate (2 mM); . dialysed serum 


(2 ml./100 mL); , dialysed serum (2 ml./100 ml.)+glucose (11 m™)-+ insulin 


” 


(5 m-u./ml.); @, dialysed serum (2 ml./100 ml.) + pyruvate (2 mM). 


added to the perfusate as well as dialysed serum (2 ml./100 ml.), the 
duration of normal contractility was extended to about 115 min (Fig. 5). 
As glucose would interfere with the uptake of other sugars by the cells, it 
was desirable to use a different nutrient. Pyruvate was found to be suit- 
able. Thus a modified Krebs-bicarbonate medium containing half the 
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original concentrations of calcium and magnesium, dialysed bovine serum 
(2 ml./100 ml.) and sodium pyruvate (2mm) was found to provide a 
perfused heart preparation with stable contractility for about 2 hr. 


The source of the effect of protein 

In view of the effectiveness of the different plasma protein preparations, 
it seemed possible that the effect was due to some non-protein substance 
bound to the protein. Removal of most of the protein from serum by heat 
coagulation (10 min at 100° C) did not result in the disappearance of its 
effectiveness. Similarly, a protein-free solution of the active substance 
could be obtained by extraction of the serum with methanol or chloroform 
methanol mixture. However, the success of extraction by these methods 
varied considerably ; some extracts were undoubtedly active while others 
prepared by the same methods were not. No preparation was taken to be 
active unless it produced essentially similar prolongation of the period of 
full contractility in a set of four hearts. Thus the efficacy of the methods 
of extraction seemed to depend on factors which were not readily apparent. 
This problem was not pursued further, because the primary object of this 
investigation was to obtain a stable perfused heart preparation suitable 
for the study of cell permeability to sugars. 


The permeability properties of the perfused heart 

Preliminary experiments had shown that L-arabinose penetrated 
relatively slowly into the perfused heart and that its rate of penetration 
could be markedly increased by insulin, in agreement with the findings of 
Goldstein, Henry, Huddlestun & Levine (1953) and Park (1953). It was 
chosen on these grounds as a convenient indicator of permeability. E-xperi- 
ments to determine the effect of the duration of perfusion on permeability 
were made by perfusing the heart for a variable period with arabinose-free 
perfusate and then transferring the heart to a second apparatus containing 
perfusate identical in all respects except that it contained 30 mm™ L- 
arabinose and, in most cases, raffinose (30 mM); perfusion was continued 
in this apparatus for 15 min. The uptake of sugar by the heart cells in the 
15 min of perfusion was then estimated from analysis of the heart extracts 
and the perfusate, as described under Methods. When the uptake of sugar 
after different periods of pre-perfusion with sugar-free media was esti- 
mated in this way, the results depicted in Fig. 6 were obtained. 

It is seen that the permeability of the heart fell sharply in the first 
30 min, whether or not the perfusate contained serum protein. In the 
absence of serum protein the permeability then began to rise again 
immediately, whereas in its presence there was no appreciable rise in 
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permeability until the pre-perfusion time exceeded 90 min, i.e. until the 
total perfusion time exceeded 150 min. 


The effect of pyruvate and dialysed serum on permeability 


It is seen in Fig. 6 that in the earlier periods of perfusion with the 
modified medium the sugar penetration was consistently lower than the 
values for the corresponding periods when the plain perfusate was used. 
In order to determine if this effect was quantitatively related to the 
additives in the improved medium, the concentrations of dialysed serum 
and pyruvate were doubled (to 4 ml./100 ml. and 4 mM respectively). The 
results of the two series are compared in Table 1. There was no consistent 


difference between them. 
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Fig. 6. Changes in heart cell permeability to L-arabinose. Hearts were pre 
perfused with sugar-free perfusate for the time shown on the abscissa and then 
perfused for 15 min with similar perfusate containing 30 mM L-arabinose. The 
perfusate was modified Krebs-bicarbonate medium (@) or the same with added 
dialysed serum (2 ml./100 ml.) and pyruvate (2mm) (©). The vertical bars 


represent + the standard error of the mean of 5-8 measurements. 


The initial fall in permeability 
Since a possible cause of this fall might be the disappearance of insulin 
from the heart, perfusions were made of hearts from animals which had 
received anti-insulin serum (Wright, 1959) 1 hr before the removal of the 
heart. These hearts were perfused immediately on removal (i.e. without 
pre-perfusion) with the modified medium containing L-arabinose (30 mm) 
for 15 min. In four experiments the intracellular arabinose concentration 
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was 11-20% + 3-66 (4) of the extracellular concentration, which is not 
significantly different from the value of 19-61 °, + 3-50 (7) found in hearts 
from normal animals after pre-perfusion for 30 min, but very significantly 
less than the value of 74:70 + 5-70 (4) found in normal hearts perfused for 
15 min immediately after removal from the animal. 


Taste 1. Percentage penetration of L-arabinose 


Duration of 
pre-perfusion 
(min) Series Series II 

0 87-4 3-6 (3) 60-5 (2) 

15 38-5 8 (3) 45-0 (2) 

3 (3) 20-14 5-8 (4) 

2-5 (4) 22-14 3-0 (4) 

(4) 14-7 + 1-0 (4) 

(3) 23-0 + 4-0 (4) 

(3) 20-4441 (5) 

@ (4) 48-04 5-7 (4) 

In Series I the perfusate contains 2 mM pyruvate and 2 ml. ox serum/100 ml, In Series Il 


it contains 4 mM pyruvate and 4 ml. ox serum/100 ml, 


Response to insulin 


In order to determine if the pre-perfused preparation retained the normal 
permeability responses of the heart cells, the effect of insulin on it was 
studied. After pre-perfusion with sugar-free modified medium, the hearts 


were perfused for 15 min with the modified medium containing L-arabinose 
(30 mm) and insulin (1 m-u./ml. 0-045 peg/ml.). After 30 min of pre 
perfusion insulin raised the sugar penetration from 19-61%, + 3-50 (7) to 
60-06 °, + 5-26 (4). After 75 min of pre-perfusion the uptake of sugar in 
15 min in the presence of insulin was 58-81 °%, + 2-21 (4). It is clear that 
the pre-perfused preparation can respond to insulin during the state of 
basal steady permeability to L-arabinose and that this response does not 


vary with the duration of pre-perfusion. 


Chloride content of the hearts 


Table 2 gives the intracellular chloride concentration in perfused hearts 
as a percentage of the chloride concentration in the perfusate. The results 
indicate a high and constant entry of chloride into the hearts during 
perfusion irrespective of the composition of the perfusate or the duration 
of perfusion. 

Intracellular water content of the heart 


Table 3 shows the mean value of intracellular water content of series of 
hearts perfused for different times with the two perfusates. The figures 
indicate that the gross composition of the cells is uninfluenced by either 
of the variables. Three series of experiments with insulin and modified 

5-2 





68 P. ZACHARIAH 


perfusate not otherwise reported in this paper gave the values of 2-490 + 
0-018 (19) for 0-1 m-u. insulin/ml., 2-424 + 0-031 (10) for 0-3 m-u./ml. and 
2-428 + 0-021 (5) for 2-0 m-u./ml. The over-all mean‘of forty-two determi- 
nations on hearts perfused with modified perfusate without insulin was 
2-441, and the over-all mean of thirty-four hearts perfused with modified 
medium plus insulin was 2-444. It is therefore clear that insulin has no 


effect on the water content of the cells. 


TABLE 2. Percentage penetration of chloride into intracellular water 


Duration of 
perfusion 
(mun) Saline perfusate Modified perfusate 


18-8 + 5°3 (4) 22-64 1-3 (4) 
21-7+ 1-6 (5) 18-9+ 4-3 (4) 
24-0 4+ 2-6 (4) 20-9 + 1-7 (6) 
22-0 + 2-6 (4) 23-3 + 1-6 (5) 
25-34 0-2 (5) 24-54 1-7 (8) 
26-6 + 1-7 (4) 21-8+ 1-4 (5) 


Tasrie 3. Cell water content of perfused hearts (ml./g dry wt.) 


Perfusate 
Total : 
duration of 
perfusion 
(min) 
15 2-525 + 0-072 (3) 2-467 + 0-026 (4) — 
30 2-526 + 0-072 (4) 2-449 + 0-037 (4) 
45 2-410 + 0-052 (3) 2-424 + 0-052 (4) 478 + 0-036 (3) 
467+ 0-029 (4) 


Modified medium 
+ insulin 
Plain medium Modified medium (0-1 m-u./ml.) 


ode 
60 2-345 + 0-033 (3) 2-422 + 0-024 (8) 

+ 0-040 (4) 
+ 0-046 (4) 
+ 0-044 (4) 


0-059 (4) 2-361 + 0-035 (4) 


65 34 
2-457 
00 2-378 + 0-072 (3) y + 0-050 (5) 3 


75 
+ 0-057 (7) 
0-081 (6) 


+ 029 (20) + 0-018 (42) 2-490 + 0-018 (19) 


105 
120 


Over-all mean 


Analysis of variance has been performed on some of these figures to 
study more precisely the effects of time of perfusion on cell water content. 
No significant effect exists. It has also been shown that when the hearts 
are classified according to the extent of pentose penetration into their cells 
there is no detectable relation between extent of penetration and cell 
water content. 

DISCUSSION 
The failure of perfused hearts 

There appear to be only two reports of stable contractility in hearts 
perfused with saline media (Chenoweth & Koelle, 1946; Nakamura, 
Webb, Lawson & Thienes, 1949). The majority of workers have 


Saunders, 
especially 


found that the perfused heart undergoes rapid deterioration, 
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when the medium contains salts only. In the present experiments the 
failure of the perfused hearts seems to occur in two stages. First, there 
occur hypodynamic changes which are not related to the lack of nutrients 
and which can be delayed by the addition of serum proteins to the per- 
fusate. When the heart is enabled to contract normally for a longer period 
by these means, a hypodynamic state appears after 70-80 min of per- 
fusion, which can be made good by glucose or pyruvate and, presumably, 
by other substrates. However, the hearts do eventually fail at the end of 
2hr. On the basis of his experiments on frog hearts, Clark (1913-14) 
suggested that a lipid substance was removed from the heart during per- 
fusion and that the sustaining effect of blood was due to the lipids in it. 
Recently Hajdu, Weiss & Titus (1957) have shown that one of the sub- 
stances in certain tissue extracts which had a similar effect on the frog 
heart was £-palmitoyl lysolecithin. It is probable that the stabilizing 
effect of serum and the serum proteins in the present experiments was also 
due to serum lipids. However, it is possible that some serum proteins 
themselves were also involved in this effect, since Hajdu & Leonard (1958) 
have demonstrated, in the blood of dogs, rabbits, monkeys and hyper- 
tensive human patients, a protein system which has a cardiotonic 
action. 

It is known that the anti-insulin serum nullifies the action of insulin 
both in vivo and in vitro by a reaction of the antigen-antibody type 
(Moloney & Coval, 1955; Wright, 1959). Therefore it can be taken that the 
low permeability of the hearts from animals pre-treated with anti-insulin 
serum is the basic permeability of insulin-free hearts and that the high 
sugar uptake in normal freshly isolated hearts is due to the presence of 
insulin activity. This residual insulin activity disappears only after per- 
fusion for about 30 min. At the end of this period the sugar permeability 
is of the same order as that of the hearts pre-treated with the anti-insulin 
serum. It is unlikely that loss of sensitivity to insulin plays any significant 
part in the effect of pre-perfusion, because the cells do respond to insulin in 
a striking manner even after perfusion for 75 min. It is not possible to 
decide from the present results whether the residual insulin effect is due to 
insulin present in the extracellular space, as suggested by the experiments 
of Bleehen & Fisher (1954), or due to insulin bound to the cells (Stadie, 
Haugaard & Vaughan, 1952). 

The lability of sugar permeability in hearts perfused with saline medium 
is a factor which has not hitherto received attention in sugar perme- 
ability studies. Under the most favourable present conditions this lability 
restricts the period for study of the kinetics of permeation to the 60- 
75 min period of stable permeability that follows pre-perfusion for 30 min 
with medium containing serum protein. 
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It is seen in Fig. 6 that the difference in the permeability of hearts 
perfused with plain and modified media persists even at 30 min, at which 
time presumably the residual insulin activity in the heart has completely 
disappeared. This suggests that low permeability in the presence of serum 
is not due to some anti-insulin factor. There seems to be no quantitative 
relation between the sugar permeability and the additives in the modified 
medium, since an increase in the concentrations of serum and pyruvate is 
without effect on sugar permeability. 

The marked increase in sugar permeability with longer periods of per- 
fusion appears to be related in some way to the onset of failure of the 
heart. But it is not protitable to speculate on the significance of this 
relation, since it is not exact enough. In hearts perfused with the saline 
medium the beginning of the decline of amplitude of beat occurs at about 
50-60 min, whereas the permeability rise is not seen until the period 
60-75 min is reached. In hearts perfused with medium containing serum 
protein and pyruvate the amplitude of the beat is declining between 90 
and 100 min, though it is still some 20°, above the ‘normal’ level, i.e. the 
mean amplitude of the first 30 min, and the amplitude does not fall to the 

normal’ level until approximately 120 min. With this medium the perme- 
ability rise is first seen in the period 90-105 min. 

Thus the first signs of decline in amplitude of beat occur before increase 
in permeability in the saline perfusions, and coincide with changes in 
permeability in the serum-saline perfusions. Decline in amplitude below 

normal’ level precedes increase in permeability in saline perfusions but 

occurs much later than increase in permeability in serum—saline perfusions. 
On either basis it is difficult to relate the change in permeability closely 
with the change in amplitude of beat, though there is a presumption of 
relation in the fact that the modifications of the perfusate which we have 
described result in the maintenance of both these properties at a much 
steadier level than is shown in saline perfusions. 

The figures show that there is a consistently high intracellular chloride 
content of these hearts unrelated to the potassium content and to the force 
of the contraction. The extent of penetration of chloride observed in these 
experiments is independent of the time of perfusion, the nature of the 
perfusate, the state of sugar permeability, or the presence or absence of 
insulin. Although, therefore, the hearts used were manifestly abnormal, 
the abnormality seems to have no bearing on the mechanism of sugar 
penetration and the effect of insulin on it. Creese (1954) found that isolated 
rat diaphragm took up a considerable amount of sodium, even though the 


potassium loss was small and the membrane potential was nearly normal 
(Creese, Scholes & Whalen, 1958). He did not measure the chloride content 
of his preparation ; but his findings together with the present observations 
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suggest the possibility that there is a movement of sodium chloride into 


isolated tissues suspended in saline media. 

The observations of the extreme constancy of the ratio of intracellular 
water to heart dry weight means that we can dispense with the direct 
determination of extracellular water of the heart. Determination of wet 
weight and dry weight provide all the data necessary for the determination 
of intracellular and extracellular water, the intracellular water content 
being 2-45 times the dry weight. The extracellular water is then the 


difference between this and total water. 


SUMMARY 


1. In hearts perfused with Krebs-bicarbonate medium containing half 
the original concentrations of calcium and magnesium the force of con 
traction begins to fall after about 55 min of perfusion. 

2. This deterioration cannot be delayed by provision of nutrients or 
reduction in the external work of the heart. 

3. Bovine plasma albumin and y-globulin, dialysed ox serum, and some 
extracts of these help to maintain normal contractility for about 70 
80 min. 

4. If nutrients are also added, the hearts continue to contract with 
normal force for about 2 hr. 

5. The permeability to L-arabinose of hearts perfused with plain Krebs 
bicarbonate medium and with the modified medium decreases steadily 
over the first 30 min of perfusion. This has been shown to be due to the 
disappearance of residual insulin activity. 

6. The mechanical failure of the heart is approximately associated with 
a large increase in sugar permeability. This occurs in the hearts perfused 
with plain saline medium soon after the basal permeability is reached, 
whereas in the hearts perfused with the modified medium there is a period 
of about 60-75 min of stable basal permeability before the increase in 
permeability appears. This period can be used for reliable studies of some 
aspects of sugar permeability. 

I wish to record my grateful appreciation of the encouragement and guidance of Professor 
K. B. Fisher during this investigation and of the kind gift of anti-insulin serum by Dr 
P. H. Wright. 
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The possibility that the action of insulin involves the permeability of 
muscle cells to sugars (reviewed by Levine & Goldstein, 1955) has led to a 
number of investigations on the kinetics of sugar uptake by muscles. Some 
of these have been interpreted as showing that sugar uptake follows first- 
order kinetics (Kipnis & Cori, 1957; Resnick & Hechter, 1957). This is in 
disagreement with the observations on erythrocytes (reviewed by Bowyer, 
1957) and with some studies on muscle preparations (reviewed by Park, 
Reinwein, Henderson, Cadenas & Morgan, 1959). This paper presents some 
findings on the time course of the uptake of two non-metabolized sugars by 
a perfused rat heart preparation in which special care has been taken to 
ensure adequacy of perfusion, stability of sugar permeability and freedom 
from endogenous insulin action (Zachariah, 1961). It is shown that these 
results are consistent with a carrier-type mechanism for the transport of 
sugars. The effects of insulin on the kinetics of the carrier mechanism 
suggest new interpretations of the nature of insulin action. 


Theoretical 


Two characteristics of sugar uptake processes that need to be explained 
by any model of the transport mechanism are of special significance in the 
choice of a kinetic model: (i) The uptakes of certain sugars apparently 
reach equilibrium even when a considerable concentration gradient may 
still be present across the cell membrane. (ii) The relation between the 
rate of sugar uptake and external sugar concentration is, in the case of 
many sugars, not linear but of the Michaelis-Menten type. It has been 
repeatedly suggested that (i) is due to the presence of intracellular barriers 
to sugar entry in the absence of insulin (Kipnis & Cori, 1957; Morgan, 
Randle & Regan, 1959). But the observations that the ‘volume of distri- 
bution’ of the sugar is inversely related to its external concentration, as 
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can be deduced from the observations of Wick & Drury (1953), Drury & 
Wick (1954) and Morgan & Park (1958) and that the volumes of distri 
bution of different sugars under identical conditions vary widely (Helm 
reich & Cori, 1957; Norman, Menozzi, Reid, Lester & Hechter, 1959) make 
it difficult to maintain a simple concept of an intracellular barrier respon 
sive to insulin. The second characteristic points to a mechanism other 
than simple diffusion. 

A simple concept which can explain these two phenomena as well as 
many other characteristics of sugar uptake is the carrier hypothesis 
(Widdas, 1952, 1954). In a simplified version of this model (Bowyer, 1957), 
the sugar can be described as traversing the membrane in combination 
with a component of the membrane, the carrier. The carrier may be 
assumed to move across the membrane by a process equivalent to diffusion 
at a rate independent of whether it is in combination with the sugar or not. 
The velocity constants for the formation and dissociation of the sugar 
carrier complex may be taken to be the same on the two surfaces of the 
membrane. In such a model the rate of transport of the sugar would 


depend primarily on the difference between the concentrations of the 


sugar-carrier complex at the two boundaries of the membrane 


Taste l. Effect of alterations in the equilibrium constant of the dissociation of sugar-carrier 


complex on the rate of sugar uptake 


Apparent Conen. of sugar-carrier complex 
equilibrium 
constant ‘M’ Outer surface Inner surface SC, — SC 
(mmo) SC’, (mn) SC i (mM) (m™M) 


Ol 0967 ORSTI 0- 1396 
10 0-0677 3750 0-5927 
10-0 0-7500 0-0566 00-6034 
100-0 00-2308 0060 2248 


Sugar concentration at the outer surface, 30 mM; sugar concentration at the inner surface, 
0-6 mn. Total amount of carrier at each surface is assumed to be equal to 1 mm. SC, frac 
tion of available carrier combined with sugar at outer membrane surface; SC, fraction 


of available carrier combined with sugar at inner membrane surface 


A low concentration gradient of the sugar—carrier complex across the 
membrane can result from a very low or a very high affinity of the carrier 
for the sugar. This is best illustrated by considering an example. Taking it 
that the carrier is equally distributed between outer and inner parts of the 
membrane and that the fractional saturation of carrier is given by the 
ratio S/(S +A), where S = sugar conen., and A = equilibrium constant 
of the sugar-—carrier reaction, then the state of affairs at a given intra 
cellular concentration can be illustrated by the example in Table 1. 

It will be clear from this Table that at intracellular concentrations which 
are low relatively to the external one, the carrier at the inner border of 
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the membrane may be so nearly saturated, provided that the equilibrium 
constant is low enough, that further sugar penetration must be very slow. 
Increase in equilibrium constant, though it reduces the fractional satura- 
tion at the outer berder of the membrane appreciably, has a much more 
marked effect on saturation at the inner border, and the sugar—carrier 
complex concentration gradient is markedly increased. When the equi 
librium constant is still further increased the fractional saturation of 
carrier at the outer border is further decreased markedly and this decrease 
can more than offset further diminution in saturation at the inner border, 
thus diminishing the sugar—carrier complex concentration gradient. 

If sugar penetration conforms to the carrier model, insulin could increase 


penetration in one of four ways: by (a) increasing the amount of available 


carrier, (6) increasing the mobility of the carrier-complex in the membrane, 
(c) increasing affinity of carrier for sugar if the carrier has a low affinity, 
(d) decreasing affinity of carrier for sugar if the carrier has a very high 
affinity. 

Test of the applicability of the carrier hypothesis and exploration of the 
mode of action of insulin can therefore be made by following the time 
course of penetration of sugars, and by endeavouring to find values for the 
parameters of penetration which will throw light on any changes caused by 
insulin in carrier concentration and affinity. 

The general nature of the model proposed by Widdas is shown in the 
following scheme: 

sugar + carrier carrier + suyar 


a 
4 


(membrane 
(cell exterior) d b (cell interior) 


y 


complex complex 


The rate of penetration of sugar into the cell according to this model is 
given by Bowyer (1957) as: 
Kad C,-C, 


per a+d\ a+d\*a*’ 





(1) 


Transfer rate = 


where K = the sum of the concentrations of carrier at the two surfaces, 
(', = concentration of sugar at the external surface, 
C, = concentration of sugar at the internal surface. 
a = transfer constant of carrier (free or combined) in the membrane, 
b = velocity constant of sugar—carrier complex formation, and 
d = velocity constant of sugar—carrier complex dissociation. 
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This can be rearranged and integrated if it is assumed that a?/b? is negligible. 
In fact it can be shown that in our conditions, provided that a is appreci- 
ably smaller than d, no significant error is introduced by neglecting this 
term. Since d is the velocity constant of dissociation of the complex and a 
that of transfer across the membrane, such a relation of the two constants 
seems likely. 

When the external sugar concentration is constant and equal to (', and 
the initial internal concentration is zero, the integrated equation is: 


(C,+ M) In 5 OMCs +M)f = Nt, (ii) 


M = - 7 : NV = and f= C,/C,. 
Thus M is the apparent dissociation constant of the sugar—carrier complex 
and .V may be called a membrane constant. When C,, M and N are 
constant, changes in ¢ will produce proportionate changes in the left-hand 
side of equation (ii). Thus if f values for the same concentration of sugar 
are determined at different values of ¢ (i.e. the time course of sugar uptake), 
it is possible to estimate the values of M and N. 

One interesting aspect of the carrier hypothesis is that it accounts for a 
phenomenon which is difficult to explain in any other way, namely that 
the movement of a sugar in one direction can be influenced by the move 
ment of another sugar using the same transport mechanism in the oppesite 
direction. This was first pointed out by Widdas (1952) and has been demon 
strated in erythrocytes (Park, Post, Kalaman, Wright, Johnson & 
Morgan, 1956), and in the rat heart (Morgan & Park, 1958). One impli- 
cation of this is that the same sugar under appropriate conditions can act 
either as an inhibitor or as accelerator of the uptake of another sugar. 
This paradoxical effect may be explained as follows: The uptake of sugar 
by the carrier mechanism can be described as the algebraic sum of the 
independent processes of influx and efflux of the sugar. Thus any factor 
which tends to inhibit the influx more than the efflux would tend to 
produce a reduction in the net uptake of sugar. This is the effect observed 
when a mixture of a test sugar and a competing sugar is added to the 
external medium. On the other hand, any factor which tends to produce 
a preferential inhibition of efflux would tend to cause an acceleration of the 
net uptake of sugar. Such an effect can be produced by a competing sugar, 
if it is present in about the same or greater concentration inside the cell 
as on the outside before the test sugar is added to the medium. In such a 
situation, in the early stages of the uptake of the test sugar its efflux will 
be inhibited much more than its influx because the ratio of the inhibitor 
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to the test sugar is much greater on the inside than on the outside. 
A demonstration of this effect would add to the evidence in favour of the 
carrier hypothesis. 

METHODS 


The technique of perfusion of the heart, the modified Krebs-bicarbonate perfusion 
medium containing serum protein, and the method of estimating the sugars have been 
described elsewhere (Zachariah, 1961) 

All hearts were perfused for 30 min with a medium lacking the sugar to be studied and 
then transferred to a second apparatus filled with medium containing this sugar in a 
standard concentration (30 mm). Hearts were then perfused for 15, 25, 35, 45 or 60 min, and 
fractional penetration into the cell water was then determined. 

The preliminary period of perfusion with the sugar-free medium is referred to as ‘pre 
perfusion’ and the period of subsequent perfusion with the sugar-containing medium as 
‘perfusion’. 

Insulin (crystalline, British Drug Houses, Batch No. 2189), when used, was present in the 
media for both perfusion and pre-perfusion in a concentration of 0-2 m-u,/ml. 

It has been shown that under the conditions of the present experiments the intracellular 
water content of the cell is constant and has the mean value of 2-450 ml./g dry weight 
(Zachariah, 1961) 
penetration of cell water by sugar were calculated from the dry weight of the tissue by 


On this basis the cell-water content, extracellular space and fractional 


methods described previously. 
RESULTS 
Time course of permeation of the heart by pentoses 
The number of determinations made for the estimation of extent of 
permeation at any one time varied between 4 and 8. The means and 
standard errors are given in Table 2, and the closest-fit curves of the form 


of equation (ii) are shown in Figs. | and 2. 


TABLE 2. Time course of penetration of L-arabinose and p-xylose into the intracellular water 


of the perfused rat heart in the presence and absence of insulin (0:2 m-u./ml.) 


Length of L-arabinose pD-xylose 


perfusion 
(min) 


25 
35 
: 
oo 


No insulin 


17-044 2-01 (6) 
16-25 + 1-00 (8) 
22-33 4.3-72 (7) 

2-61 (7) 


25-58 +. 2-06 (8) 


Insulin 


38-59 + 5-03 (5) 
45-090. 4-01 (6) 
59-34 47-02 (5) 
744 


5-47 (5) 
73-80 . 5-57 (6) 


Insulin 
46:12 4 5-49 (4) 
57-46 + 3-00 (4) 
73-33 + 2-80 (5) 


No insulin 


22-43 4 2-14 (5) 
27-42 4 2-53 (5) 
30-91 4 2-70 (5) 
34-23 . 3-76 (5) 


40-244 3-61 (5) 80-00 4 4-17 (5) 


The figures give the intracellular concentration as percentage of the extracellular concen- 
tration (30 mm) with the standard errors of the meen and the numbers of observations in 


each set. 


The values of the constants WM and N (eqn. ii) corresponding to these 
fitted curves are given in Table 3. It will be seen that in the absence of 


insulin the values of M, the half-saturation concentration, are very low 


compared with the concentration of pentose used (30 mM), and that in the 
presence of insulin they are much higher, i.e. there is apparently a fall in 


the affinity of the carrier for the pentose. 





R. B. FISHER AND P. ZACHARIAH 


L 


tas 
oO 


percentage of extracellular 


nN 
oO 


Intracellular arabinose concentration as 





i 1 1 
20 40 60 


Time of perfusion (min) 





Fig. 1. The time course of penetration of L arabinose (30 mM) into the cells of the 
heart. The vertical bars represent + the standard error of the mean. The upper 


curve refers to the insulin experiments. The insulin concentration was 0-2 m-u./ml. 
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Fig. 2. The time course of penetration of p-xylose (30 mm) into the cells of the heart. 
The vertical bars represent + s.£. of the mean. The upper curve refers to the insulin 


experiments. The insulin concentration was 0-2 m-u./ml. 
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Effect of glucose on the penetration of pentoses into the heart. Hearts were 

perfused for 30 min with protein—pyruvate medium and then perfused for 

35 min with similar medium with added pentose (30 mm) and glucose 

(10 mo). The effect of this treatment on the percentage permeation of the 

hearts by pentose is shown in Table 4. There is no doubt that glucose 
exerts a profound inhibitory effect on permeation. 


TaBLe 3. Estimated values of ‘M’ and ‘N’ 


L-arabinose p-xylose 


No insulin M (mm) 0-06 0-21 
N (m™?®.min-') 0-71 1-71 
N/M (min.man~') 11-8 8-1 


Insulin M (m™) 25-0 6-6 
(0-2 m—u./ml.) N (mm™®*.min~') 50-3 22-8 
N/M (min.mm™~') 2-0 3:5 
These values provide the best fit of the observations on the time course of sugar uptake 
to the descriptive equation for transport by the carrier mechanism given as equation (ii) 
on p- 


Taste 4. Inhibition of pentose uptake by glucose 


Percentage penetration of cell water 
by pentose in 35 min* 


Pentose Insulin Without glucose With glucose 
(30 mM) (0-2 m-u./ml.) ‘ (10mm) (B) A-B 


L-Arabinose Nil 8-95 + 1-72 (4) 13-38 


72 (7) 
+ 59-3447 92 (5) 42-96 + 7-19 (5) 16-38 
5) 


p-Xylose Nil 30-91 + 2-70 (5 23-63 + 3-01 (6) 7-28 
+ 73-33 + 2-80 (5) 60-83 + 4-69 (5) 12-50 


* Mean +s.2. of mean (no. of observations). 


Effect of galactose on permeation. One series of experiments with L- 
arabinose was made in the same way as the glucose experiments, using 
10 mm galactose. The mean percentage penetration of the intracellular 
water in 35 min was 18-44 + 2-82 (5) as compared with the corresponding 
figure without galactose (Table 1) of 22-33 + 3-72 (7). 

In a second series of experiments the hearts were pre-perfused with 
10 mm galactose and then perfused for 35 min with 30 mm L-arabinose 
and 10mm galactose. The mean percentage penetration of the pentose 
was 24-62 + 3°57 (5). 

There is here an indication that galactose can either accelerate or slow 
down penetration of the pentose, depending on the way in which it is 
presented to the heart. 


DISCUSSION 


The time course of sugar penetration found in these experiments does 
not conform to first-order kinetics. Figure 3 is a plot of In 1/(1—/f) 
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against time of the results of Table 2. Although there is an approximately 
linear relation in all cases, no one of the lines goes through the origin, and 
the intercepts are far too large to be ascribed to experimental error. For 
first-order relations the lines must pass through the origin. 

It has previously been suggested (Bronk & Fisher, 1957) that the time 
course of sugar penetration could be accounted for on the hypothesis that 
uniformly slow diffusion occurred throughout the cell contents. A curve 
describing this sort of process has been presented by Crank (1956) and it 
can be shown that the present data do in fact conform to such a curve. 


° 
concentration 


a 
o 
o 
4 
re) 


lular sugar 
of extracellular 


— eee | 1 
20 40 


Time of perfusion (min) 





Fig. 3. The lack of correspondence of sugar penetration with first-order kinetics. 


L-arabinose; @ = D-xylose. 


However, the relationship described in equation (ii) is indistinguishable from 
the Crank curve in the range of values of M and N applicable to our data. 

Discrimination between the slow-diffusion and carrier hypotheses can. 
however, be effected. The slow-diffusion hypothesis cannot explain the 
competition between pentoses and glucose or galactose which has been 
demonstrated in these experiments and in those of Morgan & Park (1958). 
Further, the experiments in which galactose presented to the outside of 
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the cell has an inhibitory effect, whilst galactose presented simultaneously 
to both sides of the cell membrane has an acceleratory effect, suggest 
strongly that the determinants of permeation are in the cell membrane 
itself. 

On the other hand, all these effects are precisely what is to be expected 
on the carrier hypothesis. We are therefore of the opinion that the con- 
formity of the observations to equation (ii), together with the competition 
and acceleration effects, make a prima facie case for the carrier hypothesis. 

A decision between the hypotheses could be made on an experimental 
basis. If intracellular concentration is expressed as a fraction of extra- 
cellular concentration the Crank curve should be of the same form what- 
ever the concentration of sugar added to the perfusate. On the other hand, 
as inspection of equation (ii) will show, on the carrier hypothesis, the form 
of the curve for any given pair of values of M and N will be markedly 
dependent on the external sugar concentration. Experiments to test the 
effect of change of concentration of sugar on the time course of penetration 


are in progress. 


The effects of galactose on pentose penetration 


It will be seen that the two effects of galactose which have been described 
are of small magnitude, and not very firmly established. A probable 


reason for this is that the initial favourable state for the observation of 
these effects would, on the carrier hypothesis, rapidly disappear. If 
galactose is initially wholly outside the cells it can compete with the 
pentose only by combining preferentially with carrier, and so will penetrate 
the cells and reduce the effective affinity for pentose of the carrier at the 
inner border of the membrane, thereby increasing the concentration 
difference of pentose-carrier complex across the membrane and offsetting, 
at least in part, the inhibitory effect of the external galactose. If galactose 
is initially in equal concentration on both sides of the membrane, i.e. if 
galactose flux in both directions is equal, the presentation of pentose to 
the outer border of the cell membrane will inhibit galactose influx and 
bring about a net loss of galactose from the cell. This sort of effect has 
already been described by Morgan & Park (195%) for hearts equilibrated 
with 3-methylglucose and then perfused with glucose and 3-methylglucose. 
This effect will result in rapid diminution of the initial acceleratory effect of 
galactose. The finding of conditions in which pentose penetrations of 
adequate extent for exact measurement can take place in very short times 
is a prerequisite for the full establishment of the dual effects of a competing 


sugar. 


PHYSIO, CLVIII 
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The effect of glucose on pentose penetration 


It is not possible to interpret these data in any detail. Since glucose 
entering the cells will be metabolized in large part, and since the pentose 
will alter the rate of entry, a complex situation results. The important 
point is that glucose does inhibit the penetration of the two pentoses 
studied both in the presence and absence of insulin, and there is therefore 
ground for supposing that the pentose penetration process is also the 
process responsible for the penetration of glucose into the cells. The 
common sensitivity of these processes to insulin suggests that the mode 
of action of insulin on pentose penetration which we propose to deduce 
from our observations is also the mode of action of insulin on glucose 
penetration. 


The significance of the parameters of the carrier equation 


The values of the constants M and N in equation (ii) which correspond 
to the curves fitted to the data in Fig. 1 are given in Table 3. The constant 
M is the Michaelis constant of combination of carrier with sugar. It will 
be seen that, in the absence of insulin, this constant is very much lower than 
the external sugar concentration used. When insulin is present this con- 
stant rises markedly. Thus, if the carrier hypothesis is valid, one effect of 


insulin must be to lower markedly the affinity of the carrier for the sugar 
being transported. As has already been pointed out (p. 74), a carrier with 
very high affinity for its substrate will be inefficient, and its efficiency wiil 
be increased by fall of affinity, within limits. 

Insulin appears to have this effect, and this effect would in itself be 
adequate to account for its action. Before discussing further implications 
of this interpretation of our results, it is necessary to look at the changes 
brought about by insulin in the second parameter, NV, of equation (ii). 

The parameter N is equal to Kad/2b, where K measures the content of 
carrier in, the membrane, and a, } and d are the velocity constants respec- 
tively of movement of carrier across the membrane, of association of sugar 
and carrier, and of dissociation of the sugar-carrier complex. The assump- 
tion made in the introduction that the term a?/b? in equation (i) is negligible 
is tantamount to the assumption that a is negligible in relation to d. This 
implies that M = (a+d)/b is negligibly different from d/b. Thus N/M is 
negligibly different from Ka/2. 

It will be seen from Table 3 that insulin increases the value of V, but 
far less so than that of W, so that N/M is lower in the presence of insulin 
than in its absence. Thus insulin seems either to decrease the amount of 
carrier or to decrease the ease with which carrier crosses the membrane. 

Both these effects are physical possibilities if one assumes that insulin 
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affects the carrier by combining with it. If the carrier-insulin complex 
is much more efficient than free carrier, then the effect will be that, in the 
presence of insulin, sugar transport will be virtually completely effected 
by that fraction of the carrier combined with insulin. The effective value 
of K would therefore decrease. If the carrier is a small molecule, the value 
of a could be markedly decreased by combination of carrier with insulin. 
If the carrier were a large molecule, such an effect would be less likely. 

This analysis leads to several consequences susceptible to experimental! 
test. The first is that, if the effective carrier, in the presence of any signifi- 
cant amount of insulin, is the insulin-carrier complex, then the value of .V 
should not change with increasing concentrations of insulin. The second is 
that, if the proportion of the carrier present as insulin-carrier complex 
rises as the insulin concentration increases, the value of N/M should 
increase with increasing amounts of insulin to a maximum. The third is 
that this maximal value of N/M should be equal to the value in the absence 
of insulin if the ease of movement of the insulin-carrier complex across the 
membrane is indistinguishable from that of free carrier, and should be less 
than it if the complex moves less readily than free carrier. 


General considerations 


It is important to keep in mind that the permeability of one particular 


kind of cell membrane to a particular species of solute can be altered in 
different ways. It has been shown in a previous paper (Zachariah, 1961) 
that in the absence of insulin the permeability of rat heart cells to pentoses 
rises sharply with time unless an appropriate plasma protein is present in 
the perfusate. This phenomenon is not susceptible to analysis by the 
methods used here, since the permeability of such cells is changing 
continuously. But, since this increase in permeability is brought about by 
the absence of something from the perfusate, and not by the presence of 
something, e.g. of insulin, it is presumably of a different nature. This may 
have a bearing on the claim by Resnick & Hechter (1957) that these are 
two separable sugar permeation processes in the rat diaphragm. It seems 
likely therefore that studies of the effect of insulin must be made either in 
our conditions of stable permeability or in hearts perfused for sufficiently 
long with protein-free perfusate to attain, if possible, a new stable state of 
increased permeability. 

The point of greatest general importance in this work is that it has 
become apparent that ‘activation’ of the permeation mechanism for 
sugars by insulin can be accounted for by partial ‘inhibition’ of the 
carrier. If subsequent work substantiates this proposition, it might prove 
of value in connexions other than that of reorienting thinking about the 
nature of insulin action on sugar transport. There seems no reason why 

6-2 
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insulin should not combine with carriers in the cell membrane which are 
specific for solutes other than sugars, and in instances in which the 
affinities of such carriers for their substrates are low an action of insulin 
on them similar to that postulated here for the sugar carrier would result 
in inhibition of penetration of their substrates into the cells. 


The relation between carriers and enzymes 


The essential feature of a carrier is that it should be capable of com- 
bining reversibly with its substrate. If this should be the sole requirement, 
then any enzyme present in the cell membrane should be able to act as a 
carrier of its substrate or of its competitive inhibitors. It is even conceiv- 
able that an enzyme might transport its substrate without appreciable 
transformation, especially if the substance of the cell membrane formed an 
unfavourable medium for co-factors of enzymic action. 

It may therefore well be the case that there is no fundamental dis 
crepancy between the view that enzymes play a part in permeation and 
the view that permeation is a passive process involving specific membrane 
carriers. 

SUMMARY 

|. Measurements have been made of the time course of penetration of 
L-arabinose and p-xylose into the perfused rat heart, using the precautions 
described by Zachariah (1961) to ensure a period of stable permeability. 

2. The effect of a submaximal concentration of insulin (0-2 m-u./ml.) 
on the time course of penetration of the pentoses has been determined. 

3. When glucose is added to the perfusate it reduces the rate of pene 
tration of the pentoses. 

4. Galactose added to the perfusate at the same time as the pentose 
reduces the extent of pentose penetration. If the heart is previously 
equilibrated with galactose, and pentose is then added to the perfusate, 
the rate of pentose penetration is increased. 

5. These findings are shown to be consistent with the hypothesis that 


the pentose enters the cells in combination with a specific carrier in the cell 


membrane. 

6. The accelerating effect of insulin on pentose penetration is shown to 
be explicable in terms of a reduction of the affinity of the carrier for the 
pentose. 
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Since the publication of the papers of Laitinen & Kolthoff (1941la, 6) 
and Davies & Brink (1942) stationary, vibrating or rotating platinum 
electrodes have been extensively used for the estimation of the oxygen 
consumption of surviving tissues and cell suspensions. This paper describes 
the development of a method of this kind for the determination of the 
oxygen consumption of the rat heart perfused through the coronary 
arteries with a saline-bicarbonate medium. 

The results show that although the oxygen uptake of the isolated rat 
heart is three to four times as great as that of rat heart slices, it is feasible 
to supply considerably more oxygen than the basal oxygen requirement of 
the heart. The isolated rat heart preparation is shown to be resistant to 
short periods of complete anoxia, or longer periods of partial anoxia, and 
it is suggested that survival time after anoxia is affected by the initial 
glycogen content of the heart. Some characteristics of the oxygen uptake 
of hearts perfused without added nutrient are described. 


METHODS 
Principle of the polarographic method 

The rat heart is supplied with a bicarbonate-saline medium which is kept in equilibrium 
with a gas mixture containing a known partial pressure of O, with CO,. The oxygen con 
centration in the medium issuing from the heart is measured polarographically, and the 
rate of flow of medium through the heart is measured with a bubble flow meter. The pro 
duct of the arteriovenous (A—V) oxygen-concentration difference and the flow rate gives the 
oxygen consumpt ion of the heart. 

Determination of the oxygen concentration of the effluent from the heart depends on the 
measurement of the current flowing between a platinum electrode maintained at a suitable 
negative potential, and a standard non polarizable anode. The current is produced by the 
reduction of oxygen molecules to water at the platinum surface, and the magnitude of the 
current depends on the area of the exposed platinum, the concentration of oxygen in solution, 
and the prevailing hydrodynamic conditions which determine the rate of diffusion and con- 
vection of oxygen molecules to the platinum surface. The chief disadvantages of the method 
are that the current produced by a constant concentration of oxygen tends to change with 
time, and that the oxygen current is influenced by the immediate past history of the 


electrode. 


* Present address: Department of Biochemistry, University of Edinburgh. 
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The experience of many investigators (reviewed by Connelly, 1957) has shown that the 
most reproducible results are obtained by careful control of the hydrodynamic conditions 
in the electrode chamber, either by preventing direct access of the exposed platinum to the 
solution by allowing the oxygen molecules to diffuse through a thin membrane covering the 
platinum surface, or by allowing the electrode to recover between short periods of polariza- 
tion (intermittent polarization). As the flow rate of fiuid passing through the electrode 
chamber does not remain constant, a stationary membrane electrode cannot be used for our 
experiments. Consequently a rotating platinum electrode of the exposed type, similar to 
the gold electrode used by Longmuir (1954), is used, together with the intermittent-polariza- 
tion technique. This method has proved reliable, and is suitable for any system in which 


blood-free solutions flow through an electrode chamber. 


Perfusion method 

The perfusion fluid is a modified Krebs-bicarbonate medium containing half the calcium 
concentration recommended by Umbreit, Burris & Stauffer (1949). The perfusion apparatus 
was derived from that used by Bleehen & Fisher (1954), modified by introducing a more 
efficient method of continuous filtration of the perfusion medium than the Whatman 
Soxhlet thimbles originally used. In the modified apparatus (Fig. 1) fluid passes into the 
heart under a hydrostatic pressure of 54cm H,O, from a small water-jacketed chamber 
(R,), and is returned to a chamber (2,) at the same level as the first by a gas lift (G,) through 
which 5° CO, in oxygen passes. Fluid then passes under a hydrostatic pressure of about 
100 em H,0O to a large sintered-glass filter (/’) of porosity 4, and the filtered fluid is returned 
to the chamber (R,) above the heart by a second gas lift (G,). This chamber is sealed and the 
level of the fluid is kept constant by a siphon (S) leading into the chamber (#,) which is 
open to the atmosphere. A Soxhlet thimble is retained in reservoir R,, as this delays the 
blocking of the sintered-glass filter. Blocked filters are washed with concentrated sulphuric 
acid containing a small amount of potassium chlorate and sodium nitrate. 

This basic perfusion apparatus was modified for the measurement of the oxygen uptake 
of the heart by the introduction of two calibration circuits (C, and C,), and three glass taps 
(T,, T, and 7,) which allowed fluid from each of the calibration circuits or the heart circuit 
either to flow straight through, or to pass independently into a water-jacketed electrode 
chamber (£), and then to the appropriate gas lift. A diagram of one of these glass taps in the 
two positions is shown in Fig. 2, and Fig. 3 shows the three taps connected together and to 
the electrode chamber. Each calibration circuit is a simplified version of the heart circuit, 
with the second upper reservoir and the sintered-glass filter omitted. Fluid, the flow of 
which is restricted by a screw clip, passes from a water-jacketed upper chamber through the 
glass tap and is returned to the chamber by a gas lift, through which passes a gas mixture 
containing 5% CO, and a known percentage of oxygen. 

The electrode chamber is sealed at one end with a rubber bung 2 cm in diameter and 
0-8 em. thick, through which passes the platinum electrode. The bung rests against a collar 
in the glass of the chamber and acts as the fulcrum for the rotating platinum electrode. The 
walls of the electrode chamber flare out slightly from the collar to allow for the swept volume 
of the rotated electrode, and a glass tube sealed into the far end of the chamber serves as the 
fluid inlet. The fluid outlet is near the collar. This design of the electrode chamber reduces the 
fluid dead space to a minimum. 

The electrode consists of a platinum wire sealed into a glass tube 0-6 em in diameter and 
17 em long. The centre of the bung through which the electrode passes into the chamber is 
5 em from the platinum tip. A steel sleeve is fitted over the far end of the electrode tube and 
seated in a self-aligning ball-race, which is set eccentrically 0-7 cm. from the centre of a circular 
brass disk mounted on the motor shaft. The diameter of the circle described by the platinum 
tip is 0-3cm. The water-jacketed electrode chamber and motor are mounted rigidly on a 
wooden board fixed to the bench, making a vibration-free rotating electrode assembly. 
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Arrangement of apparatus for the determination of the oxygen uptake of 


the perfused rat heart. (’,, Cy, calibration circuita; &, electrode chamber; F, filter; 
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For further detaila see text 


The accuracy and reproducibility of the oxygen electrode 
The chief factors which were found to determine the rate of drift and the reproducibility 
of the oxygen current were 


a, the preparation and care of the electrodes; 


b, constancy of rotation of the platinum electrode ; 
¢, use of an intermittent polarization technique; and 
, presence of calcium ions in the solution. 
Preparation and care of the electrodes. The biggest single factor influencing the stability 
and reproducibility of the oxygen current undoubtedly resides in the platinum electrode. 
With the exposed type of platinum electrode used two factors are particularly important. 


One factor is that careful annealing of the platinum glass seal prevents the formation of 
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small cracks in the glass around the seal, visible only under the microscope, The second is 
freedom from scratches of the platinum surface. The most satisfactory electrodes are made 
by sealing a short length of 27 s.w.a, Pt wire, which has the ond fused into « sphere, into a 
hard-glass tube of 0-6 em external diameter, so that just the hemispherical tip is ox posed, 
A length of silver wire is fused to the other end of the platinum wire, and passes out of the 
glass tube through a small hole 8 em from the tip. Satisfactory electrodes, not needing the 


services of a akilled glass- blower, were also made by sealing the platinum-sailver wire into 
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Fig. 2. Special taps for diversion of perfusate to the measuring cell, In A perfusate 
from a calibration circuit or from the heart passes directly to the gaa-lift returning 
it to ite reservoir. In B it passea to the measuring cell (arrow at bottom left), 


returns to the tap (arrow at top right) and thence to the gas lift 


From calibration 


circuits From heart 


, chamber 


Pt electrode 


| 


J To anode 


Electrode 
To gas lifts To heart chamber 
gas life 
Fig. 3. The connexions of the apecial taps with the remainder 


of the apparatus: ef. Fig. 1. 


Marco resin 88.26C (Darbre, 1957), using as a mould « glass tube of internal diameter 0-6 
em, coated on the inside with oleic acid as a releasing agent, When not in use electrodes are 
stored in 10." nitric acid. Small scratches tend to appear on the platinum surface with use, 
and these are removed by polishing the surface with joweller’s rouge and then with a« fine 
Perspex polish (No. 3 Perspex polish; L.C.1,) 

The type of anode ia not critical, provided that it is large enough to eliminate any pons 
bility of anode polarization (Longmuir, 1957), and does net allow diffumon of mercury on to 


the platinum electrode (Giguére & Lauzier, 10454, b). The anode used is a mercury pool of 
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about 100 cm* surface area, contained in a 500 g bottle resting on its side and filled with 
saturated KC! solution. A 4 cm coarse sintered-glass filter, cut down to the sintered-glass 
plate, with the stem partly filled with a 1 em-thick layer of 4% agar gel saturated with KCl, 
serves as a bridge. The bottle is tightly stoppered by a rubber bung, through which projects 
the stem of the filter, and electrical contact with the mercury is made by a platinum wire 
sealed into a glass tube, which also passes through the bung. 

Constancy of rotation of the platinum electrode. Experiments in which the platinum elec 
trode was rotated by a Velodyne motor (Dickinson, 1950) showed that when the fluid was 
saturated with the gas mixture containing 5°, of CO, and either 20°, O, or 95%, O,, the 
oxygen current increased with increasing speed of rotation of the electrode up to 5000 rev 
min (see Fig. 4). This finding is contrary to that of Longmuir (1954), who observed the 


beginning of a plateau region above 1000 rev min. 
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Fig. 4. The relation between speed of rotation of the intermittently polarized 


electrode and oxygen current. 


To ensure a constant speed of rotation, a Fracmo 1/10 h.p. synchronous motor was used 
to rotate the electrode at 3000 rev/min. At this speed, changes in the flow rate of fluid 
entering the electrode chamber between 3 and 10 ml./min produce very small changes in the 
oxygen current. 

Intermittent polarization. The oxygen current was found to fall in an approximately 
exponential manner from the time of switching on the polarizing potential, and in some case 
an hour of pre-polarization at — 1-0 V (Longmuir, 1954) was needed before steady values 
were obtained. The necessary pre-polarization time is reduced to a few minutes, and the 
stability of the oxygen current is improved, by reducing the average current density at the 
electrode surface by applying the intermittent polarization technique of Carlson, Brink & 
Bronk (1950). A l-rev/min synchronous motor is used to drive a brass cam, which closes 
two separate micro-switches each for 10 sec in every minute. One micro-switch controls the 
polarizing potential to the platinum electrode, while the other operates the chart motor of 
a Cambridge pen-recording polarograph. During the 10 sec period of polarization the pen 
reaches its maximum excursion, and a series of vertical lines are recorded on the chart at 
1 min intervals. The height of the maximum excursion of the recording pen is a linear function 
of the percentage of oxygen in the equilibrating gas, as is shown in Fig. 5. 

Effect of calcium ions in the perfusion medium. Before the intermittent-polarization 
technique was introduced it was observed that the rate of drift of the oxygen current was 
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considerably greater when the fluid was Krebs-bicarbonate medium than when it was 


isotonic mixture containing sodium chloride and the same concentration of sodium bicar- 
bonate as the Krebs medium. The difference between the two fluids was found to depend 
on the presence of calcium in the medium, and it appeared that prolonged exposure of the 
platinum electrode to solutions containing calcium, and equilibrated with gas mixtures rich 
in oxygen, leads to the deposition of a film on the platinum surface reducing its effective 
area. Reduction of the current density at the platinum surface by the intermittent-polari- 
zation technique greatly reduces the fall of sensitivity of the electrode with time which this 


deposition causes 
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Fig. 5. A typical calibration curve of an electrode rotated at 3000 rev/min, 


and polarized for 10 sec/min at —0-6 V. 


Current voltage curves 

In common with the other workers using rotating electrodes (Giguére & Lauzier, 1945); 
Longrouir, 1954) we found no well defined current-voltage plateaux at the speeds of rotation. 
With a stationary electrode good plateau regions from —0-4 to —1-0 V were obtained, but 
with the increasing speeds of rotation of the platinum electrode the length of the plateau 
region decreased, until at 3000 rev’min only a short region of inflexion between 0-6 and 
—0-8 V remained. However, since the speed of rotation of the electrode is kept constant by 
the synchronous motor this is not important, and a polarizing potential of —0-6 V is used. 


A pplication 

Before beginning a perfusion the two calibration circuits and the heart circuit, each con- 
taining Krebs-bicarbonate medium, are equilibrated with 5 % CO, in air, and the flow rates 
of the calibration circuits are adjusted until the same oxygen current is recorded on each of 
the three circuits, with the flow rate through the heart circuit set at 6 ml./min, The heart 
circuit is then equilibrated with 95% O, and 5% CO,, and the two calibration circuits are 
equilibrated with gas mixtures containing 5% CO,, and different oxygen contents (usually 
20 and 35%). If the oxygen tension of the effluent from the heart is expected to be greater 
than 35 % saturation the heart circuit is equilibrated with 5% CO, and 70% O,, so that the 
oxygen tension of the effluent is within the calibration range. The platinum electrode is 
calibrated immediately before the start of perfusion, and normally 15 min later and every 
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subsequent 30 min. The oxygen tension of the effluent is estimated to the nearest 4° of an 
atmosphere. The flow rate through the perfused heart is measured at 5 min intervals by 
timing the fall of a gas bubble between two marks on the glass tube conducting fluid into 
the heart, and the bubble is removed from the circuit by a bubble trap in the cannula. The 
oxygen uptake of the heart (in yl./min) is calculated at 5 min intervals, from the product of 
the arteriovenous oxygen tension difference, the appropriate value of the Bunsen solubility 
coefficient for oxygen (Dixon, 1951) and the flow rate. The oxygen uptake is converted to 


», Values (ul. O,/mg dry wt./hr) after determination of the dry weight of the heart. 
Ms t 2 ‘ A 


Procedure 
Animals. Male albino rats of Wistar stock weighing 200-260 g were used. The rats were 
bred in the Department and allowed unrestricted access to food and water. 

Perfusion fluids. The basic perfusion fluid was Krebs—bicarbonate medium (KBM) made 
up according to the instructions of Umbreit et al. (1949), except that the calcium content was 
halved. Different substrates were added as required to this medium, which was always 
equilibrated with oxygen gas mixtures containing 5% CO,. 

Insulin. Crystalline ox insulin (British Drug Houses) containing 23 i.u./mg was used. 
4 stock solution was made up containing 500 m-u./ml., and stored for periods up to 3 months 
at — 18° C as 2 ml. samples in small test tubes. 

Heparin. Heparin (British Drug Houses) containing 100,000 u./g was used. The dose given 
was | ml. of a solution in NaCl 0-9 g/100 ml, containing 400 u./ml. 

Preparation of the heart for perfusion. The rat was anaesthetized with ether, and | ml. of 
heparin solution was slowly injected into the femoral vein. After 2 min the thorax was 
opened and the heart quickly excised and placed in cold KBM. The aorta and branches were 
cleaned from connective tissue, and the aorta tied on to a glass cannula through which 
flowed KBM at room temperature. At this stage the heart commenced beating, and blood 
was quickly washed out of the coronary circulation. The heart, complete with cannula and 
rubber bung, was then fitted into the heart chamber of the perfusion apparatus, and per- 
fusion commenced, using a pressure head of 54 cm H,O, and a fiuid volume of 60-70 ml. 

Estimation of glycogen. Immediately after perfusion, the heart was taken off the cannula, 
all tissue above the auriculo-ventricular septum was removed, the ventricles were tran- 
sected longitudinally and both halves were quickly blotted and weighed on a torsion balance. 
One half was minced in cold KOH solution, 30 g/100 ml., and the glycogen was separated 
and hydrolysed by the method of Good, Kramer & Somogyi (1933). The other half was 
dried overnight in the oven. The glycogen hydrolysate was neutralized with NaOH, 40 g/ 
100 ml., and diluted to 50 ml. The glucose was estimated in this solution by the method of 


Nelson (1944). 


RESULTS 
The time course of the oxygen uptake 

Figure 6 shows the change in Qo, (ul. O,/mg dry wt./hr) with time of a 
heart perfused with nutrient-free Krebs-bicarbonate medium (KBM) at 
38°5° C and the accompanying changes in the coronary flow and effluent 
oxygen tension. There is a fall in oxygen consumption over the first 15 min 
of perfusion and, in parallel with this, a fall in the coronary flow. There is 
then a long period of steady oxygen consumption during which the 
coronary flow remains constant. Finally, there is a fall in oxygen con- 
sumption. During this time the force of beating of the heart diminishes 
visibly. This pattern was typical of hearts perfused in the absence of sub- 
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strate, but the time of onset of the eventual fall in the oxygen uptake 
varied considerably from heart to heart over the range of 40-90 min from 
the beginning of perfusion. 
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Fig. 6. Measurements at 5 min intervals of oxygen uptake (Qo, O), effluent 
oxygen tension (°%, atm A) and coronary flow rate (ml./min @). 


Adequacy of oxygen supply 

The fact that there was regularly a measurable oxygen concentration in 
the coronary effluent (see Fig. 6) is some indication of adequacy of the 
oxygen supply. But it might be that the heart cannot extract oxygen 
efficiently below a certain oxygen tension in the fluid supplying it. Experi- 
ments of two kinds were made to test this point. In the first set erythritol 
tetranitrate (final concentration 10 mg/60 ml.) was added after 80 min to 
a heart perfused at 38-5° C with medium containing 8-3 mm glucose. The 
erythritol tetranitrate produced a considerable increase in coronary flow, 
but no systematic increase in the oxygen consumption (see Fig. 7). The 
effluent oxygen tension also increased considerably, since oxygen supply 
was greatly increased as the result of the larger coronary flow. In the 
second set of experiments 2,4-dinitrophenol (DNP) was added to the per- 
fusate 30 min after the start of perfusion, to give a final concentration of 
10-°m. As Fig. 8 shows, it produces a marked rise in the oxygen con- 
sumption and a fall in the effluent oxygen tension, without appreciably 
affecting the coronary flow. The first of these experiments shows that the 
heart does not extract more oxygen when the supply is increased by 
erythritol tetranitrate ; the second shows that it can extract more from the 
normal coronary flow when its metabolism is stimulated by DNP. Thus 
the normal effluent oxygen tension is not so low as to limit oxygen uptake. 
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Fig. 8. The effect of 2,4-dinitrophenol (DNP, 10-* m, at arrow) on the Qo, | ), 
coronary flow rate (rml./min @) and effluent oxygen tension (°, atm A) of a heart 


perfused with 8:3 m™ glucose. 


Completeness of equilibration of perfusate with gas mixture 


The two quantities measured are the oxygen concentrations in the 


coronary effluent and the coronary flow. The A-V oxygen concentration 
difference is calculated on the assumption that the perfusate returned to 
the heart reservoir is in equilibrium with the gas mixture used in the gas 
lifts. If there is an error in this assumption, i.e. if the perfusate is less than 
saturated, increase in coronary flow will produce a fall in the calculated 
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oxygen consumption. Also, if equilibration is imperfect, alteration of the 


oxygen content of the equilibrating gas mixture should change the cal- 
culated oxygen uptake. The experiments with erythritol tetranitrate show 
that the first of these effects does not occur, and several trials with changes 
of the oxygen tension of the gas mixture have failed to detect the second 
effect. 

A third way of testing this point is to immerse a small sintered-glass gas- 
bubbler in the perfusate reservoir supplying the heart, and to examine 
the effect on the apparent oxygen uptake of passing the gas mixture 
through this as well as through the gas-lifts. No diminution in calculated 
oxygen uptake was observed when this was done. 


Effect of temperature on oxygen uptake 


The range of temperature studied was small. In view of the initial drop 
in oxygen consumption, and the decline in the oxygen consumption of 
some hearts perfused with nutrient-free medium after 40 min, the oxygen 
uptake in the period 15-40 min is taken as characteristic of the steady state 
of the heart. The mean Qo, of eight hearts at 34° C was 32-8 + 0-9, and the 
mean Q,», of thirteen hearts at 38-5° C was 43-9+0-9. In general it is 
undesirable to perfuse at the higher temperature, since, on occasion, the 
coronary flow may be too low to give a comfortable margin of oxygen 
supply. The increase in oxygen consumption with increase in temperature 
corresponds to a Qj, of 2-31, which gives an estimated Qo, of 38-8 at 
37° C. 

The endogenous substrate for oxidation 

Experiments were performed in which hearts were perfused at 37° C 
for varying periods up to 60 min with nutrient-free KBM in the presence 
and absence of 2 m-u./ml. insulin. The glycogen contents of these hearts 
were then determined. The results, shown in Table 1, indicate that the 
glycogen content falls steadily throughout the first hour of perfusion, and 
that insulin has no effect on the course of this fall. 

In other experiments hearts were made anoxic by perfusing for different 
periods of time with the perfusion fluid equilibrated with 5°, CO, in 
nitrogen before transferring the hearts to fully oxygenated perfusate, and 
continuing perfusion for a total time of 15 min. The results of glycogen 
determinations on these hearts are given in Table 2. In one series the hearts 
were anoxic for a standard time of 10 min, by which time they had all 
ceased to beat. On transference to the oxygenated medium beating recom- 
menced within | min, and at the end of 5 min all the hearts were beating 
forcibly. In another series the hearts were kept anoxic until they ceased 
to beat, and were then immediately transferred to the oxygenated medium. 
Table 2 shows that the apparent amount of glycogen content of the hearts 
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was not dependent on the period of anoxia, but that in each case the 
glycogen content was very low, and at much the same level as the glycogen 
content of the hearts perfused aerobically for 60 min. 

The apparent residual glycogen after 15 min anoxic or 60 min aerobic 
perfusion is not in fact glycogen. Determination of the apparent glucose in 
final hydrolysates by the glucose oxidase method (Huggett & Nixon, 1957) 


Tassie 1. Time course of the glycogen disappearance from rat hearts perfused 


with nutrient-free medium at 37° C 


Apparent glycogen content as glucose 
(mg/g dry wt.) 


Nutrient-free 
Time of medium containing 
perfusion Nutrient-free insulin 
(min) medium 2 m-u./ml. 
0 16-3 + 1-1 (16) 16-3+ 1-1 (16) 
15 13-1+1-8 (8) 12-4+ 1-7 (12) 
30 10-5+1-3 (4) S-1+1-0 (6) 
60 3-6+0-9 (4) 4:1+09 (4) 


Standard errors of means are shown; number of experiments given in parentheses. 


TaBLe 2. Glycogen content of the rat heart after anoxia. The perfusion medium was 


equilibrated with 95% N, +5 CO, during anoxia and the heart was transferred to a second 


perfusion apparatus equlibrated with 95% O,+5% CO, and perfused for a total period 
(anaerobic + aerobic) of 15 min 

Apparent glycogen content 

PI - 


as glucose (mg/g dry wt.) Duration of 
after 15 min perfusion anoxia (min) 


Mean 


3-5 
Mean = 3-2 tT O-4 


Standard errors of the mean are shown 


has shown that there is consistently less glucose present than is indicated 
by the Nelson (1944) method. In a large series it has been shown that 
the mean difference is 2-73 + 0-21(23) mg/g dry wt., and this difference is 
independent of total apparent glycogen in the heart. Most, if not all, of 
the apparent residual glycogen found in the experiments reported in Table 
2 is therefore not glycogen. 
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Effect of anoxia on survival 


Figure 9 shows the effect on the Q,,, flow rate, and effluent oxygen 
tension of changing the oxygen tension of the gas equilibrating the per- 
fusion medium from 70°, saturation to 20°, saturation and back again. 
The Qo, was reduced to about 40°, of its original value during the 20 min 
period of partial anoxia, but recovery was complete. The oxygen tension 
of the effluent fell from 20°, saturation to zero, indicating a complete 
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Fig. 9. The effect of altering the oxygen content of the equilibrating gas on 
Qo, (O), coronary flow rate (ml./min @), and effluent oxygen tension (A). At the 
beginning and end of the experiment the gas is 5°, CO, in oxygen. Between arrows 


A and B it is 5% CO, in air. 


extraction of all the available oxygen, but the flow rate did not increase to 
compensate for the lower oxygen availability. In this experiment the 
perfusion medium contained 8-3 mM glucose, and the temperature was 
37° C, but similar results were obtained with other perfusion media, and 
when the period of partial anoxia occurred at a later stage during perfusion. 

In other experiments hearts were perfused with nutrient-free KBM 
equilibrated with 5°, CO, in nitrogen until they stopped beating, and 
were then transferred to the apparatus for determination of oxygen con- 
sumption and perfused for a further 60 min with the nutrient-free KBM 
equilibrated with 5°,, CO, in oxygen. The time course of the oxygen con- 
sumption of these hearts is compared with that of hearts perfused from the 


beginning with oxygenated medium in Table 3. 
7 PHYSIO. CLVIII 
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All the hearts commenced to beat vigorously within | min after insti 
tuting aerobic perfusion but the mean Qo, during the period 0-60 min is 
of that of the controls over the corresponding period, 


only about 70°, 
although oxygen consumption in the two series of hearts follows similar 
time courses. The mean rate of oxygen uptake in both series of the experi 
ments is fairly steady from 10 to 50 min of perfusion, but shows a marked 
fall after 50 min. 


Paste 3. Effect of anoxia on the oxygen consumption of the isolated rat heart perfused 


with nutrient-free medium at 37° C 
Time of 
perfusion Qo, of normal hearts Q, after anoxia 
(min) (mil. /mg dry wt./hr) (rol./mg dry wt./hr) 
7 (4) 
ad 


‘ 


’ 124 
10 12:7 
15 104 


l 
! 
! 
20 30-441 
l 
l 
I 
l 


l 

27-6 l 

26-041 

27-341 

30 SHH 4 20-641 
10 37°! l 
ab 36-8 + l 
60 34-94 l 


Mean 0-60 min 30-4415 : l 


8 (22) 20S + 
i) 


f 


Standard errors of the mean are shown; number of experiments in parentheses 


Effect of repeated anoxia 


The fact that hearts which had been exposed to anoxia for sufficient 
time to free them of glycogen would recover apparently completely, and 
resume a beat of normal rate and force, led us to make some experiments 
to test the effect of repeated periods of anoxia. The first heart studied 
ceased to beat after 6 min of anoxia, recovered rapidly when perfused with 
oxygenated medium, ceased to beat 5 min after switching to anoxic per 
fusate, recovered again within 5 min and continued to beat strongly for 
some time. Two further hearts treated similarly ceased to beat | min after 
the beginning of the second period of anoxia, recovered within 1-2 min 
after reinstituting aerobic perfusion 20-30 min later, but became feeble in 
approximately 20 min. Each of these hearts was exposed to nitrogen 
equilibrated perfusate during the first period of anoxia for long enough to 
deplete it effectively of glycogen, so that it is difficult to see what source of 
energy was available to the last two hearts during their second prolonged 
period of anoxia. It seems probable that, as long as the heart is not per 
forming external work, it can maintain the organization on which a pro 
pagated beat depends for some time after it is deprived of a source of 
energy, even when it is maintained at normal body temperature, 
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DISCUSSION 


The most important finding in this work is that when an isolated heart 
of the rat, an organ which might be expected to have a high metabolic 
rate, is perfused with a saline medium of low oxygen capacity, it is possible 
to provide a margin of oxygen supply over requirement, provided that the 
perfusion temperature is not too high. (The upper limit of temperature 
of adequate oxygenation is probably 38-5-39° C.) 

The tests described of the adequacy of oxygenation of the medium show 
that the equilibration of the gas mixture with the perfusate must be very 
nearly complete in our conditions and that, in consequence, our estimates 
of oxygen uptake may be considered reliable. 

The level of oxygen uptake of 37° C, 39 yl./mg dry wt./hr, is much in 
excess of figures quoted for heart slices (Pearson, Hastings & Bunting, 
1949), though the hearts in our experiments are performing no external 
work. 

The reason for the initial fall in oxygen consumption has not been deter 
mined. It is suggestive that there are parallel falls in coronary flow and 
heart rate. All these changes could be accounted for by destruction or 
elution from the heart of adrenaline. 

The maintenance of the oxygen consumption for a considerable period 


of perfusion with a simple saline perfusate implies that there is available 


a large supply of endogenous nutrient. The mean glycogen content of 
hearts before perfusion is 13-14 mg/g dry wt. (data of Table 1 corrected 
for non-glucose reducing matter measured by the Nelson method). Com- 
plete oxidation of this would supply the heart with substrate for 14-19 min 
at the observed rates of oxygen consumption. As the respiration rarely 
falls off seriously within an hour, the majority of the substrate must be 
something other than glycogen and probably other than carbohydrate. 

Measurements of glycogen after different times of perfusion show that it 
falls off linearly with time, disappearing after the first hour, During this 
time its metabolism would account for 20-30°,, of the oxygen consumed. 
It is of interest, that when hearts are made anoxic initially, the whole of 
the glycogen disappears and the oxygen uptake when the hearts are sub- 
sequently perfused aerobically is in the region of 70%, of that of hearts 
perfused aerobically throughout the experiment. It looks as though two 
independent kinds of oxidative metabolism were going on side by side, 

A point of some interest arises when one compares the oxygen uptake of 
these hearts with other estimates of heart oxygen uptake in the literature. 
No other figures are available for the rat heart, but values are available 
for blood-perfused cat and dog hearts. Extrapolating the results of Evans 


& Matsuoka (1915) to conditions of zero external work, one gets a Qo, of 14 
7-2 
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for the dog heart. The data of Laurent, Bolene—Williams, Williams & Katz 
(1956) for the dog heart beating at 100/min and doing no external work 
yield a Q,, of 13. A Langendorff perfusion of the dog heart used by van 
Citters, Ruth & Reissmann (1957) gives a Qo, of 9 for the same conditions. 
Lorber (1953) found a Qo, of 15 for the perfused cat heart in diastolic 
arrest. If we take it that the metabolic rate per unit mass of similar tissues 
is proportional to the third or fourth root of body weight (Brody, 1945), 
these data are comparable to the present figures for rat hearts. This suggests 
that neither the nutrients supplied by blood, such as lactate, nor such other 
major constituents as are missing from our saline perfusate, such as proteins 
and lipids, have any marked effect on the oxygen uptake. 

It appears possible therefore that perfusion of larger—and more slowly 
metabolizing—hearts with oxygenated saline solution might supply them 
adequately for considerable periods of time, so long as they were not per- 
forming external work. 

SUMMARY 

1. A method is described for the determination of the oxygen con- 
sumption of the saline-perfused rat heart. 

2. The oxygen consumption, coronary flow rate and heart rate are 
found to fall during the first 20 min of perfusion. Thereafter they stay 
steady for approximately 40 min. 


3. During this period the glycogen content of the heart declines linearly. 

4. During the period of steady oxygen consumption the Qo, at 37° C is 
39 and the Q,, of oxygen uptake is 2-3. 

5. Perfusion for 4-10 min with saline perfusate equilibrated with 5°, 
CO, in N, results in complete disappearance of glycogen from the heart. 

6. Hearts so treated show normal rate and force of beat within a few 


minutes of reinstitution of aerobic perfusion. 

7. In a few instances it was shown that such hearts can withstand a 
second period of anaerobic perfusion, lasting as long as 20-30 min. 

8. It is concluded (a) that the heart has a large reserve of oxidizable 
material other than glycogen and (6) that the cardiac organization on which 
the propagated beat is dependent is not readily disintegrated when 
metabolic energy supplies are withdrawn. 
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The isolated perfused rat-heart preparation developed by Bleehen & 
Fisher (1954) has in principle several advantages over other preparations 
for the study of the effect of hormones on the metabolism of muscle tissue. 
It has the advantage over the more classical heart-lung preparation of 
simplicity, and is at the same time a more physiological preparation than 
heart slices, diaphragm or skeletal muscle. In the perfused heart pre- 
paration the oxygen tension of the extracellular fluid is higher and more 
uniform than that of incubated tissues, where fluid of high oxygen tension 
impinges directly only on the two outermost layers of cells, and where it 
may be necessary for oxygen to diffuse through eight or more layers of 
cells to reach the centre of the tissue. Creese, Scholes & Whalen (1958) 
have demonstrated that the resting potentials of the innermost layers of 
cells in incubated rat diaphragm are very sensitive to the oxygen tension 
of the bathing fluid, and that adequate oxygenation is difficult to achieve. 
Since the lowering of the resting potential is an acute phenomenon, it is 
likely that the metabolism of incubated tissues may on occasion be limited 
by oxygen availability. 

Bleehen & Fisher (1954) have shown that the glucose uptake of the per- 
fused rat heart is greatly increased by insulin, and only part of the extra 


glucose uptake is deposited as glycogen during the observed experi- 
mental period (Fisher & Lindsay, 1956), suggesting that insulin increases 


the amount of glucose oxidized. The original purpose of this work was to 
investigate the increase in oxygen uptake that might be expected as the 
result of the action of insulin. 

In fact, there is no such increase in the oxygen uptake, and the oxygen 
consumption of the heart remains remarkably constant whatever the 
nature of the substrate provided, which suggests that endogenous and 
exogenous substrates compete with each other for oxidation and that 
insulin affects the proportion of glucose metabolized relative to the total 
metabolism. The oxygen consumption of the heart is, however, markedly 
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increased by adrenaline and 2,4-dinitrophenol (DNP), so that it is clear that 
the absence of a stimulating effect of insulin on oxygen consumption is not 
due to an inability of the preparation to respond to stimulation. 


METHODS 

The perfusion technique and the method of determination of the oxygen uptake of the 
perfused rat heart have been described (Fisher & Williamson, 1961). Male rats of Wistar 
stock weighing 220-280 g were used. 

Acetoacetate was used as the sodium salt, prepared by the method of Krebs & Eggleston 
(1945), and standardized by the aniline-citrate method of Edson (1935). 

8-Hydrorybutyrate. The racemic sodium salt (British Drug Houses) was used. 

2,4-Dinitrophenol. A suitable volume of stock 10-*™ solution of DNP (British Drug 
Houses) was added to the perfusate, to make the final concentration approximately 10-'M. 
Spectroscopic analysis of the perfusate showed that the DNP concentration varied from 0-9 
to 1-2 x 10-°M in different experiments 

Adrenaline. A solution of adrenaline (Boots, Ltd; 10 ug/ml.) in saline (0-9 g NaCl/100 ml.) 
was prepared and stored in the deep freeze in 2 ml. portions. 1 ml. of this adrenaline solution 
was added to a perfusate volume of approximately 60 ml. 

Insulin, Crystalline ox insulin (British Drug Houses) was used containing 23 u./mg. A 
stock solution containing 200 m-u./ml. was made up in 0-9% NaCl and stored as small 


samples in the deep freeze for periods up to 3 months. 


RESULTS 
Effect of glucose and glucose with insulin on the endogenous 
resynration of the perfused rat heart 


The time course of the oxygen uptake of rat hearts perfused with Krebs- 
bicarbonate medium (KBM) containing no added substrate, 8-3 mm 
glucose, and 8-3 m™ glucose + insulin 2 m-u./ml., was followed for 60 min 
at temperatures of 38-5 and 35° C. The results are presented in Table 1. 
It is seen that the mean Q,, of hearts at the two temperatures follows 
similar time courses, irrespective of the nature of the perfusion medium, 
falling slightly during the first quarter of an hour of perfusion, and then 
remaining steady for the 60 min perfusion period. When the perfusion 
medium contained no substrate there was a tendency for the Qo, to fall 
towards the end of 60 min. Glucose, or glucose with insulin, has no signi- 
ficant effect on the endogenous respiration of the perfused rat heart, as is 
seen from the mean Qo, values over the period from 15 to 60 min. Qo, is 
markedly influenced by temperature. By pooling the mean Qo, values for 
each of the three perfusates a mean Qo, of 43-2 + 0-7(38) yl. O,/mg dry 
wt./hr is obtained at 38-5° C, and a mean Qo, of 32-3 + 0-6(25) at 35° C, 
giving a Q,, of 2-3. Using this temperature coefficient, a mean O, of 38 
is derived for the respiration of the perfused rat heart at 37°C. Measure- 
ment of the oxygen uptake of the rat heart at 38-5° C at 10 min intervals 
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Fisher (1954) has in principle several advantages over other preparations 
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increased by adrenaline and 2,4-dinitrophenol (DNP), so that it is clear that 
the absence of a stimulating effect of insulin on oxygen consumption is not 
due to an inability of the preparation to respond to stimulation. 


METHODS 

The perfusion technique and the method of determination of the oxygen uptake of the 
perfused rat heart have been described (Fisher & Williamson, 1961). Male rats of Wistar 
stock weighing 220-280 g were used. 

Acetoacetate was used as the sodium salt, prepared by the method of Krebs & Eggleston 
(1945), and standardized by the aniline-citrate method of Edson (1935). 

B-Hydroxybutyrate. The racemic sodium salt (British Drug Houses) was used. 

2,4-Dinitrophenol. A suitable volume of stock 10-*™ solution of DNP (British Drug 
Houses) was added to the perfusate, to make the final concentration approximately 10-°m. 
Spectroscopie analysis of the perfusate showed that the DNP concentration varied from 0-9 
to 1-2 x 10-* in different experiments. 

Adrenaline. A solution of adrenaline (Boots, Ltd; 10 yg/ml.) in saline (0-9 g NaCl/100 ml.) 
was prepared and stored in the deep freeze in 2 ml. portions. 1 ml. of this adrenaline solution 
was added to a perfusate volume of approximately 60 ml. 

Insulin. Crystalline ox insulin (British Drug Houses) was used containing 23 u./mg. A 
stock solution containing 200 m-u./ml. was made up in 0-9% NaCl and stored as small 


samples in the deep freeze for periods up to 3 mouths. 


RESULTS 


Effect of glucose and glucose with insulin on the endogenous 
respiration of the perfused rat heart 


The time course of the oxygen uptake of rat hearts perfused with Krebs- 
bicarbonate medium (KBM) containing no added substrate, 8-3 mm 
glucose, and 8-3 mm glucose + insulin 2 m-u./ml., was followed for 60 min 
at temperatures of 38-5 and 35° C. The results are presented in Table 1. 
It is seen that the mean Qo, of hearts at the two temperatures follows 
similar time courses, irrespective of the nature of the perfusion medium, 
falling slightly during the first quarter of an hour of perfusion, and then 
remaining steady for the 60 min perfusion period. When the perfusion 
medium contained no substrate there was a tendency for the Qo, to fall 
towards the end of 60 min. Glucose, or glucose with insulin, has no signi- 
ficant effect on the endogenous respiration of the perfused rat heart, as is 
seen from the mean Q,, values over the period from 15 to 60 min. Qo, is 
markedly influenced by temperature. By pooling the mean Qo, values for 
each of the three perfusates a mean Qo, of 43-2 + 0-7(38) ul. O,/mg dry 
wt./hr is obtained at 38-5° C, and a mean Qo, of 32-3 + 0-6(25) at 35° C, 
giving a Q,, of 2-3. Using this temperature coefficient, a mean O, of 38 
is derived for the respiration of the perfused rat heart at 37° C. Measure- 
ment of the oxygen uptake of the rat heart at 38-5° C at 10 min intervals 
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over 2 hr (Table 2) shows that there is a tendency for the Qo, to fall in the 
last half hour. 

The stability of oxygen uptake during the middle period of 60 min and 
its independence of glucose and insulin is well shown in Fig. 1. Although 
the Qo, of hearts perfused without added substrate invariably fell before 


Tasie 1. Effect of glucose, and of glucose with insulin, on the endogenous Qo, of 
the perfused rat heart 
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Taste 2. Effect of glucose and of glucose with insulin on the endogenous Qo, of the rat 
heart over a 2 hr period of perfusion at 38-5° C 


Qo, (ul. O,/mg dry wt./hr)t with additions to perfusion medium 


A 


Glucose 150 mg 

Time of Glucose 150 mg 100 ml + Insulin 
perfusion (min) None 100 ml. 2 m-u./ml. 
10-30 43-44 1+ 44-9411 45-94 1-4 
410-60 41-8 + 2- 43-4+10 44-4+1-4 
70-90 41-7+3°% 43-0+1-3 43-3+1-7 
100-120 37-2 + 2- 40-8 + 1-8 38-1+2-0 


+ Mean, standard error of the mean,; 4 expts. in each column. 


90 min, the Q,, of some hearts perfused with glucose remained steady for 
up to 3 hr, and the fall in the Qo, of some hearts in the presence of glucose 
is probably due to faulty perfusion, since it was always accompanied by 
a fall in the flow rate. 

As a check of any possible small effect of insulin on the oxygen uptake 
of the rat heart perfused with glucose medium, insulin was added after 
60 min to three hearts perfused with 8-3 mM glucose, to give a final insulin 
concentration in the perfusion medium of 2 m-u./ml., and the oxygen con- 
sumption was measured at 10 min intervals over a further period of 1 hr 
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(Table 3). These hearts showed no indication of a fall in the Qo, after 
90 min, and the mean Qo, over the first hour of perfusion in the absence 
of insulin was the same as that over the second hour of perfusion in the 


presence of insulin. 








Qo, (wl. On/mg dry we./hr) 
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Fig. 1. The lack of effect of glucose or of insulin on the oxygen uptake of the 
heart: 38-5° C. O Nutrient-free (4); @ 8-3 mM glucose (4); A 8-3 mm glucose +2 


m-u. insulin (4). Numbers of experiments in brackets. 


TaBLe 3. Effect on the mean Qo, of the addition of insulin 2 m-u./ml. at 60 min to three 
hearts perfused with glucose 150 mg/100 ml. at 38-5° ¢ 


Time of Time of 


perfusion Qo, perfusion 
(min) (pl. O,/mg dry wt./hr) (min) (pl. Og 
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Effect of different substrates on the endogenous respiration 
of the perfused rat heart 


Hearts were perfused with Krebs-bicarbonate medium containing 5 mM 


sodium acetoacetate, 5 mM acetoacetate + insulin 2 m-u./ml., 5 mm sodium 


succinate, and 20 mm sodium f-hydroxybutyrate, and the time course of 
the oxygen uptake at 37° C was measured over the first hour of perfusion 
(Table 4). As with other perfusion media, the Qo, fell over the first 
15-20 min, and then remained relatively steady. The mean Qo, between 
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15 and 60 min of perfusion with media containing succinate or 8-hydroxy- 
butyrate was similar to that of hearts perfused with no added substrate, 
but that of hearts perfused with medium containing acetoacetate was 
significantly less than the control, although the difference was small 
(approx. 10°,). Insulin had no effect on oxygen consumption in the 
presence of acetoacetate. The mean Qo, of hearts perfused with succinate 


Tasie 4. Effect of different substrates on the Qo, of the rat heart 
perfused at 37°C 


Qo, (ul. O,/mg dry wt./hr)* at 37° C with additions to 
the perfusion medium 


5 mM acetoacetate 20 mM 
Time of 5 mM + Insulin 5 mM 8-hydroxy 
perfusion (min) acetoacetate 2 m-u./ml succinate butyrate 
No of expts. ee 6 7 
41-1 
38-6 + 
36-7 
36-1 + 
36-6 + 
37-6 
37°8 
37-0 


+ O-5 36 


5 38-5 + 2-4 36-0+2 
10 36 4 34:3+2 


N 
oo 
0 
7 


20 33°3 + ; 31-9 


t 
n 

15 2+: 32-245 
t 


40 : 36-8 + 2-1 
50 3: 345+ 1-5 
60 : + 1-6 344+ 


Mean (15-60 min) ; ¢ 34-1+0-6 


> 
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30 : : 35-04+1-5 

> 

l 

l 


, 
J 


“I toms 


* Mean + standard error of the mean. 


showed a tendency to fall between 50 and 60 min, as sometimes occurred 
with hearts perfused in the absence of added substrate. The Qo, of hearts 
perfused with acetoacetate or 8-hydroxybutyrate remained constant for 
longer periods. Figure 2 shows that the Qo,, flow rate, and the heart rate 
of a heart perfused with 10 mm 8-hydroxybutyrate can remain fairly con- 
stant over a period of 3 hr. 


Effect of adrenaline on the oxygen consumption of the 
perfused rat heart 


In a previous paper (Fisher & Williamson, 1961) it was reported that 
adrenaline at a concentration of approximately 10~* m greatly increased 
the flow rate and the oxygen uptake of the perfused rat heart. This effect 
has been confirmed, and the influence of the time of addition of adrenaline 
on the response of the Q», has been investigated in hearts perfused with 
nutrient-free medium, 8&3mm™M glucose, and 83mm _ glucose +insulin 
2 m-u./ml. The results for the three perfusion media are shown in Table 6. 

Adrenaline at the concentration used produces a maximum effect and 
almost doubles the Q,,. The rise in the Qo, is however transient and the 
Qo, returns to its original level in about 30 min. Table 6 shows that adrenal- 
ine can stimulate the Qo, to a similar extent, both in the presence and 
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absence of glucose in the perfusion medium, but that, whereas in the 
presence of glucose the full adrenaline effect is obtained even after 2-5 hr, 
in the absence of nutrient in the medium the ability of the heart to respond 
to adrenaline with an increased Q,, disappears between 30 and 55 min 
after the beginning of perfusion. Differences were also observed in the 
response to a second dose of adrenaline in the presence and absence of 
glucose. With hearts perfused in the absence of glucose a second similar 





16 


14 


— 
ho 


Heart rate beats/min 


= 
oO 


@ 


yO-O 


™ On, ~ - 
iteias. - OH<y-O-0-0 D> - 
, O-O0 


oe 


Flow rate (ml./min) 








ee Se ee ee ee ee ae 
0 20 4 «=6«6006=— 80 «=—100 120 140 160 180 


Time (min) 


Qo, (al O,/mg dry wt./hr) 


Fig. 2. Long-term maintenance of oxygen uptake in the presence of 10 mm 
B-hydroxybutyrate. The figure shows heart rate (beats/min, 4), Qo, (@) and 


coronary flow rate (ml./min, ©). 
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TaBLe 5. Effect of adrenaline on the Qo, of rat hearts perfused at 38-5° C. 


Adrenaline conc. 10-*m (approx.) 


Qo, (gl. O,/mg Max. Duration 
Time of dry wt./hr) adrenaline of 
adrenaline effect on response 
Perfusion medium additions Before Max. Qo, (min) 


Nutrient-free 20 35 +42 30 
30 38 a5 27 25 
30 44 29 35 
55 28 2 0 0 
60 38 ‘ 0 0 


8-3 mM glucose j 36 { 39 30 
45 i - 30 3 
38 f 21 15 

26 F 28 40 

8-3 mM glucose + insulin 45 a5 20 25 
2 m-u./ml. 39 35 
47 7 40 

40 25 

34 5! 30 

26 { + 10 





108 R. B. FISHER AND J. R. WILLIAMSON 


dose of adrenaline added at 40 min, following a first dose at 20 min, pro- 
duced a peak in the Qy, about half as high as the first peak; but a second 
dose to another heart at 50 min following a first dose at 30 min had no 
effect on the Q,,. These experiments suggest that the ability of the heart 
to respond to adrenaline falls off after about 40 min. In another experi- 
ment glucose was added to the perfusate after 40 min, and adrenaline 
added at 75 min. A small rise in the Qo, was obtained which was, however, 
much smaller than the maximum effect, and was of short duration. A 
second dose of adrenaline added to hearts perfused from the beginning with 
glucose produced a maximum effect similar to the first dose. Table 5 shows 
that the response to adrenaline is in every way similar, in hearts perfused 
with glucose, to that in hearts perfused with glucose and insulin. 


Taste 6. Effect of the addition of DNP on Qo, of the perfused rat heart 


Qo, (ul./mg dry wt./hr)* at 35° C 
Additions to the perfusion medium 
Time of Glucose Glucose 150 mg 100 ml 


perfusion (min) None 150 mg 100 ml. +insulin 2 m-u./ml. 


No. of expts. : 4 

5 32-3+4- 29-6 + 3-0 33-9 
10 31-6 28-6 + 3- 33-6 
15 31 29-24 2- 33-6 
20 31-3 29- : 33-3 
25 31- 30- 2-! 32-7 
30 31: 30-: 
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,P (10-5 Mm) added at 30 min 
35 40°! 38-2 + 2-2 
40 42 42-64 3-8 
45 37 42-7+3°8 
50 35- 42-8+3-8 
55 33 42-3+3-8 
60 31- 2-8+3-8 
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* Mean +standard error of the mean. 


Effect of 2,4-dinitrophenol on the oxygen consumption of the perfused rat heart 


2,4-Dinitrophenol at a concentration of 10-'m increases the Qo, of per- 
fused rat hearts by about 40°,,, without affecting the flow rate. The hearts 
continue to beat, but the heart rate falls to about 150 beats/min. Table 6 
shows the effects of the addition of DNP at 30 min to hearts perfused at 
35° C with nutrient-free medium, 8-3 mm glucose, and 8-3 mm glucose + 
insulin 2 m-u./ml. In the presence of glucose the elevated oxygen uptake 
is maintained, but in the absence of exogenous substrate the Qo, falls to 
its original level after 30 min. Insulin has no effect on the response of the 
heart to DNP in the presence of glucose. Higher concentrations of DNP 
(2x 10-°m) caused the heart to stop beating and the oxygen uptake fell 
rapidly after an initial slight stimulation. 
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DISCUSSION 

It is clear from a study of Tables 1, 2 and 3 that the perfused rat heart 
can maintain a high rate of respiration for periods up to 90 min, and that 
the rate of the endogenous respiration is not influenced by the addition 
of glucose or insulin to the perfusion medium. The only observed effect of 
glucose is to prolong the steady-state rate of oxygen uptake of some of the 
hearts, and glucose with insulin is no more effective than glucose alone. 

Bleehen & Fisher (1954) and Bronk & Fisher (1957) have found the 
glucose utilization of the perfused rat heart to be 12-15 mg/g dry wt./hr in 
the absence of insulin, and 44—48 mg/g dry wt./hr in the presence of 
insulin 2 m-u./ml. which is the concentration giving the maximum effect 
on glucose uptake. Fisher & Lindsay (1956) showed that only about one 
quarter of the glucose uptake in the presence of insulin 2 m-u./ml. was 
deposited as glycogen, and that very little lactate was formed. The glucose 
uptake in the absence of insulin is not sufficient to account for more than 
one third of the oxygen uptake, even if it is completely oxidized. The 
glucose uptake in the presence of insulin could account for all the oxygen 
uptake if it were completely oxidized. Nevertheless, insulin does not bring 
about an increase in oxygen consumption. Later work by one of us 
(J.R. W.) suggest. that very little of the extra glucose used is in fact 
oxidized, so that the effect of insulin on the glucose metabolism of the 
heart is certainly not primarily that of increasing the general level of 
oxidative processes. It is important not to relate these results to the 
metabolism of the heart in vivo without taking into account that the 
isolated hearts used in these experiments are doing no work. Some factor 
not yet known must play a part in raising the level of oxidative metabolism 
to the level necessary to support the performance of external work, and it 
may well be that under the influence of this factor circulating glucose may 
become the primary food-stuff of the organ. This is suggested by the 
demonstration by Bing, Siegel, Ungar & Gilbert (1954) that glucose, 
rather than non-carbohydrate metabolites, is the major energy source of 
the heart in vivo. 

It is interesting to note that the Q,, of the perfused rat heart is con- 
siderably higher than that of incubated rat heart slices (Pearson, Hastings 
& Bunting, 1949), indicating that in these latter tissue preparations 
respiration is controlled by different factors from those which operate in 
the perfused, fully oxygenated, preparation, despite the fact the Q,) value 
of 2-3 obtained in these studies agrees well with the figures of 2-0—2-2 
observed by Fuhrman, Fuhrman & Field (1950) for rat heart slices in- 
cubated at temperatures up to 37-7° C. In this connexion it should also 
be noted that the oxygen uptake of rat heart slices is markedly increased 
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by substrates which have no effect on the perfused rat heart (Pearson et al. 
1949). It seems unlikely, therefore, that attempts to investigate the 
regulation of cell metabolism based on preparations such as heart slices 
can have much relevance to the physiological problem. 

The fact that the Qo, can be increased by adrenaline and by DNP 
indicates that the failure to stimulate oxygen uptake with nutrients is not 
due to some technical imperfection of our preparation which limits its 
oxygen uptake. The results obtained with these agents in the presence of 
glucose indicate also that glucose can gain access to the site of glucose 
oxidation. If this were not so, it would be difficult to account for (a) the 
prolongation by glucose of the DNP effect in elevating oxygen uptake 
and (5) the preservation of the otherwise evanescent responsiveness to 
adrenaline by having glucose in the perfusate. Adrenaline and DNP 
both increase the total amount of oxygen consumed by hearts perfused 
with nutrient-free medium, and hence must stimulate the oxidation of 
endogenous metabolites. The increased oxygen uptake caused by DNP 
is not, however, maintained, and adrenaline is not effective in increasing 
the oxygen uptake if it is added towards the end of the first hour of per- 
fusion, or ifa second dose is given shortly after the first. Fisher & Williamson 
(1961) have shown that after 30 min perfusion with nutrient-free medium 
the glycogen content of the heart is reduced to about 8 mg/g dry wt. 
(expressed as glucose after correction for the non-utilizable apparent 
glycogen). The complete oxidation of this amount of glycogen requires 
6 ml. of oxygen. A calculation of the oxygen used by hearts perfused with 
nutrient-free medium containing DNP (Table 5) shows that approxi- 
mately 5-3 ml. extra O,/g dry wt. is used during the period from 30 to 


60 min. Similarly, on average, 6-8 ml. O,/g dry wt. is used in excess of the 


normal oxygen uptake when adrenaline is added to hearts during the first 
30 min. of perfusion. This extra oxygen cannot, however, all be used for 
the oxidation of glycogen, since nearly all the glycogen is used in any case 
by the end of 60 min perfusion with nutrient-free medium. Hence DNP 
and adrenaline must also stimulate oxidation of non-carbohydrate nutrients. 
The lack of a prolonged DNP effect, the abolition of the adrenaline effect, 
and the eventual fall in the oxygen uptake with nutrient-free medium, are 
all probably due to depletion of glycogen in the heart, and it is possible 
that oxidation of glycogen is necessary to replenish intermediates lost 
from the citric-acid cycle. When glucose is present in the medium these 
could be supplied by the oxidation of glucose, and the DNP effect, the 
adrenaline effect, and the steady rate of oxygen uptake could thus be 
maintained. Similarly, it is expected that adrenaline would also stimulate 
glucose uptake, although this is apparently not the case in isolated rat 
diaphragm (Walaas & Walaas, 1950). Randle & Smith (1958) found that 
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DNP stimulated glucose uptake by rat diaphragm, and it might be ex- 
pected to have a similar effect m the perfused heart. The absence of a 
potentiating effect of insulin on the stimulation of the Qo, by DNP and 
adrenaline strengthens the conclusion reached earlier that insulin is 
unlikely to be exerting a direct effect on the energy-producing mechanisms 
of the cell. 

SUMMARY 


1. Glucose (8-3 mm), and glucose (8:3 mm) with insulin (2 m-u./ml.), are 
shown to have no effect on the oxygen consumption of the perfused rat 
heart. 

2. In the absence of substrates in the perfusion medium the oxygen 
uptake of the rat heart falls after 40-90 min of perfusion, but can be 
maintained for up to 3 hr in the presence of nutrients. 

3. The oxygen uptake of the rat heart is unaffected by the presence of 
5m™M succinate or 20mm §f-hydroxybutyrate, but is slightly, though 
significantly, lowered in the presence of 5m™M acetoacetate or 5 mM 
acetoacetate + insulin 2 m-u./ml. 

4. The Qo, of the rat heart is markedly dependent on temperature, 
being 43-2 + 0-7(38) at 385°C and 32-3+0-6(25) at 35°C; giving a Qo 
of 2-3. 

5. 10-5 2,4-dinitrophenol increases the oxygen uptake of the rat heart 


by about 40°, without affecting the flow rate. This stimulation of oxygen 
uptake is maintained in the presence of glucose, but disappears after 


30 min if the perfusion medium is nutrient-free. 

6. 10-*m (approx.) adrenaline greatly increases the flow rate and the 
oxygen uptake of the rat heart. This effect is produced up to 160 min after 
the beginning of perfusion in the presence of glucose, but disappears 
between 30 and 55 min when the perfusion medium is nutrient-free. 

7. It is concluded that insulin does not act by stimulating oxidative 
metabolism. 
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Arising out of demonstrations that plasma albumin is present in the 
contents of the gastro-intestinal tract in some pathological states (Citrin, 
Sterling & Halstead, 1957; Freeman, 1958; Gordon, 1959; Schwartz & 
Jarnum, 1959) the possibility has been discussed that it escapes in smaller 
amounts into the lumen of the intestine in health (McFarlane, 1958a), and 
recently Holman, Nickel & Sleisenger (1959) claim to have demonstrated 
the presence of serum protein in the intestinal fluids of normal subjects, 
as well as in cases of hypoproteinaemia. Holman et al. (1959) also found 
serum protein in saliva and gastric juice of normal persons. Stimulation 
of gastric secretion with histamine diminished the concentration of serum 
protein in the gastric juice. While this might have been an enzymic effect, 
it could also have been due simply to dilution. A portion of the serum 
protein in the gastric juice could have been derived from swallowed saliva, 
but it is unlikely to be a significant source in the intestinal fluid. 

In the course of studies on the distribution of ™I-albumin in extensive 
burns and at operations a high specific activity was observed in the stomach 
and duodenum and also in the upper part of the small intestine by Birke, 
Liljedah! & Plantin (1958) and Birke, Liljedahl, Plantin & Wetterfors 
(1959, 1960). It was found that after intravenous administration of 
‘!T-albumin to normal subjects and to patients with carcinoma of the 


stomach labelled albumin appeared in the gastric juice. This occurred 
normally in such degree that a substantial part of the albumin break-down 
would appear to take place in the stomach and upper part of the small 
intestine (Birke, Gullberg, Liljedahl, Olhagen, Plantin & Wetterfors, 1960). 
Other substances of high molecular weight, such as dextran, may also be 
excreted via the gastric mucosa in man (Troell & Aberg, 1952). Several 
workers have found this mode of elimination as a likely one for albumin in 
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exudative gastro-enteropathy’ (Kimbel, Heinkel & Borner, 1956; 
Schwartz & Jarnum, 1959). 

In a more recent investigation Ullberg, Birke, Ewaldsson, Hansson, 
Liljedahl, Plantin & Wetterfors (1960) showed that labelled plasma 
albumin collects to some degree in the small intestine of cats and mice 
and is discharged into its lumen. A certain part of the normal albumin 
break-down may, therefore, take place in the upper portions of the small 
bowel, which, together with the stomach, could well be the site of the 
main normal break-down of albumin. 

It has also been shown in experiments involving washing of sections of 
the intestines of rabbits injected with either serum ™'l-albumin or ™'I 
iodide that serum albumin passes from the circulation of rabbits into the 
duodenum (Armstrong, Margen & Tarver, 1960). If this type of transfer 
occurs throughout a considerable part of the gastro-intestinal tract, then 
the enzymic break-down of serum albumin so transferred could account 
for most of the serum albumin break-down which occurs in vivo. 

Katz, Sellers & Golden (1960) could find no break-down of labelled 
human, rat and rabbit albumins when incubated with tissue slices of liver, 
kidney, spleen, lung, heart, muscle and skin of rat and rabbit: break-down 
of exogenous ™S biosynthetically labelled homologous albumin and 
globulin occurred only in slices of small intestine. 

Taken as a whole the findings to date do not allow us to answer the 


question whether the plasma proteins are actively secreted into the 


intestine or appear by passive transudation. As the injection of histamine 
by Holman et al. (1959) did not increase the identifiable plasma proteins 
in the gastric or intestinal juices of man, it would appear that the proteins 
are not secreted although the result may be merely a reflexion of a simul- 
taneous increase in enzymic activity. 

Batty & Bullen’s (1961) observations on sheep indicate that, with anti 
toxin as a marker, up to 1-34°%, of the serum concentration of the anti 
toxin can be found in the intestinal water. Antitoxin has the advantage of 
being readily recognized and quantitatively estimated, and degradation of 
this protein destroys its specific activity. Badawy, Campbell, Cuthbertson 
& Fell (1957) and Badawy, Campbell, Cuthbertson, Fell & Mackie (1958) 
have pointed out that the mode of inducing death may affect the integrity 
of the intestinal mucosa and that this may in turn complicate an inter- 
pretation of the analytical data. Fell (1961) has shown how such post- 
mortem shedding of the epithelium of the mucosa of the intestine may be 
prevented. 

Protein may reach the lumen of the gastro-intestinal tract through the 
various digestive secretions and through the secretion of the goblet cells 
in the mucosa. Although the presence of many such activities indicates 
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that appreciable quantities of protein must enter the lumen of the gut, 
there have been few investigations on the nature or quantity of nitrogen 
involved and how far there may be a transference from the plasma via the 
lymph. Hogan (1957) has reported a definite addition of nitrogen to a 
washed-out loop of sheep's intestine, mainly in the form of protein. It 
may be that in Hogan’s isolated loop and in Mosenthal’s (1911) isolated 
portion of lower ileum of dog the source of the nitrogen found there was 
in part the proteins of lymph. 

We report below experiments undertaken to investigate the possibilities 
of leakage or exudation of albumin into the digestive tract of the sheep, 
and for this purpose ™'I-albumin was injected. Sterling (1951) has found 
good agreement between the disappearance rates of 'l-human albumin 
in the rabbit whether measured by radioactivity or by immunochemical 
methods. Cohen, Holloway, Matthews & McFarlane (1956) showed that 
'S!T- and “C-albumins had identical half-lives, and the view is now widely 
accepted that provided certain safeguards are observed in the labelling 
procedure (cf. McFarlane, 1956), 'I-proteins can behave in a fashion 


truly representative of the native proteins. 

Following 'I-albumin injections man and most animals excrete practic 
ally all the label as iodide in the urine. In the male rat 2-3 °, is associated 
with protein in the urine (Campbell, Cuthbertson, Matthews & McFarlane, 


1956). In some pathological conditions, however, 10-15%, is excreted in 
the faeces, suggesting intestinal leakage of albumin into the digestive 
tract (Cattell & Norris, 1957: Gordon, 1959). 


METHODS 
Electrophoresis 
Sheep serum was dialysed against a borate buffer (0-0115 m-Na,B,O, and 0-0155 m- 
NaH, PO,, pH 8-6) and fractionated by zone electrophoresis on a column of treated cellulose 
(Porath, 1956). The column measured 35 x 2-5 cm and was surrounded by a jacket through 
which water was circulated. Electrophoresis was carried out at 18 mA and 450 V for 46 hr. 
The eluate was collected in 4 ml. volumes and protein peaks located by measurement of the 
ultraviolet absorption at 280 my (Fig. 1). Albumin was concentrated by pressure dialysis 
at 4° C before labelling. 
lodination 


Albumin solutions were labelled with carrier-free “'I (supplied without reducing agent by 
the Radiochemical Centre, Amersham) after preliminary oxidation of sulphydryl groups 
using a technique described by one of us (McFarlane, 19586). The protein solution was 
adjusted to pH 4:5 by addition of glycine buffer (7-2 g glycine dissolved in 96 ml. NaC! 
solution, 1-47 g/100ml., and 12 ml. x-HC1). The acidified protein was mixed with unlabelled 
free iodine until the colour of free iodine appeared and the solution was then passed through 
an anion-exchange column of deacidite (Permutit and Co. Ltd). The pH of the effluent was 
then raised to 8-5 by addition of 0-1 N-NaOH and the desired amount of 'I in carrier iodine 
monochloride added. The solution was passed through a second similar deacidite column 


8-2 
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Less than 2%, of the radioactivity in the column effluent was present in the supernatant 
after precipitation with 10°, trichloroacetic acid (TCA). The mean ratio of iodine bound to 
albumin was always less than | g-atom/mole. The labelled proteins were diluted at once with 


an excess of unlabelled sheep serum. 


U.V. absorption (280 my) 

















1 


200 





100 
Volume of eluate (ml.) 


Fig. 1. Chromatography of sheep serum on carboxymethyl cellulose. Albumin, 
shown as a shaded area, was concentrated by pressure dialysis. For details, see 
text. 
Procedure 
All the sheep (Blackface wethers 1-2 yr old) were placed in metabolic cages a few days 
before the beginning of the experiment. The animals were fed twice daily at 10 a.m. and 
6 p.m. on a diet of concentrates (linseed (4°, N): oats (1-6% N), 2:1) and hay (1-6% N) or 
grass (2-4%, N) as stated, and were given sodium iodide drinking water (25 mg NalI/l1. (except 
in Expt. 1)) for 4 days before intravenous injection and throughout the entire experimental 
period. 
In the experiments involving surgical techniques (for the insertion of cannulae or isolated 
loops), at least 4 weeks elapsed after the operation before the sheep were transferred to the 


cages for the isotope work. 
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Surgical preparations 
Expt. Sheep 
no. no. 

3 6 Two Perspex cannulae were fitted in the duodenum, the first just caudal 
to the pylorus and the second at the iliac flexure after the entrance of 
the common bile and pancreatic duct. The third cannula was situated in 
the lower ileum 

Isolated loop of the upper jejunum commencing at the iliac flexure, 


i.e. at the lower end of the duodenum (see Fig. 2) 


Isolated loop of upper jejunum, 107 em in length 
Isolated loop of middle jejunum, 102 cm in length 
Isolated loop of lower ileum, 63 cm in length 
Isolated loop of upper jejunum, 71 cm in length 


Collection of samples 
Plasma; blood samples were heparinized and centrifuged. 
Urine; total 24 hr volume was measured and sample counted. 
Faeces; the total 24 hr quantity was weighed and a known amount homogenized with 5% 
KOH and the final volume measured. A suitable sarnple was counted. 
Cannulae samples (Expt. 3); the gut contents from each cannula were allowed to flow direct 
into a measuring cylinder. 

Isolated loop samples 
(a) Expts. 4 and 5. The loop was washed out thoroughly with physiological saline at 39° C, 
and the secretions or exudations were then allowed to flow direct into cylinders. The volumes 


produced over the stated intervals of time were recorded. 


(6) Expts. 6-10. The loops were washed out as in (a) and then filled with a known volume of 


saline. This was allowed to remain in position over the stated time intervals. The fluid was 
then drained off into a measuring cylinder and the loop refilled with warm saline. The 
differential treatment of samples is recorded under each particular experiment,when neces- 
sary. In Expts. 4-10 the flow of food along the remainder of the gut was maintained by 


connecting the Ist and 4th cannulae with plastic tubing. 


Detailed procedure of individual ¢ rperime nts 


Experiment 1. Sheep 1 and 2, 63 lb. (28-7 kg) and 59 lb. (27-2 kg) respectively, were 
given 200 g hay and 200 g concentrates twice daily. For 4 days before injection of ™*'I 
albumin intravenously the drinking water contained 100 mg NalI/l. Plasma was obtained at 
regular intervals over the 21 days. Urine and faeces were collected at 24 hr intervals; in the 
case of sheep 2 for 21 days. As these sheep refused to eat, the iodide drinking water was 
suspected. Sheep | died on the 12th day. The 2nd sheep was then given untreated water to 
drink and various foodstuffs were offered to try to keep it alive. It eventually recovered. 

Experiment 2. For 4 days before injection the drinking water contained 25 mg Nal/I. 
Sheep 3, 4, 318, 319 and 320, weighing 75, 70, 93, 100 and 92 Ib. (34, 31-8, 42-2, 45-3 and 
41-8 kg) respectively, were given 200 g grass and 50 g concentrates twice daily. Sheep 5, 
weighing 73 lb. (33-1 kg), was given 200 g hay and 50 g concentrates twice daily. Plasma, 
faeces and urine were sampled as in Expt. } (Fig. 3). 

Experiment 3. Sheep 6 (75 lb., 34kg) was given 200g concentrates and 300g dried grass 
twice daily. ™'I-albumin was given intravenously. Plasma and cannulae samples were taken 
at regular intervals (Table 2). During the period immediately before and after the adminis- 
tration of labelled albumin five samples from each of the three cannulae were suitably 
diluted and cultured in four types of media, McConkey, Reinforced Clostridial Medium of 
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Hirsch & Grinstead (1954) and two media based on those used for culture of anaerobic 
rumen bacteria and containing casein or horse serum. During the period of administration 
of labelled albumin serial samples from the three cannulae were formolized and separated by 
differential centrifugation at 0° C into supernatant, small bacteria and larger bacteria and 
debris. The proportions of their fractions varied with the site of the sample 

Experiment 4. Sheep 7 (83 Ib., 37-6 kg) was given 300 g grass and 200 g concentrates twice 
daily. The isolated upper jejunal loop was washed out thoroughly and after 0-5 hr the 
animal was injected intravenously with “'I-albumin. The secretions (intestinal contents from 
the distal end of the loop) and plasma samples were taken at the times stated after injection 
(Table 3) 


Ist bypass 


Bile and 
pancreatic duct 


Duodenum 


Abomasum 


Middle region 
of intestine 


4 

Caecun 
c J 
Fig. 2. Diagram showing positions of isolated loops in intestine 


a, Expts. 4, 5, 6, 7, 10; 6, Expt. 8; c, Expt. 9 


Experiment 5. Sheep 8 (80 Ib., 36-7 kg) was given 300 g hay and 200 g concentrates twice 
daily. The isolated lower duodenum-—upper jejunal loop was washed out with saline and after 
0-5 hr the animal was injected intravenously with “'Il-albumin, and duplicate portions of 
intestinal contents and loop collections were taken at stated intervals. The intestinal and 
loop sarmples were measured for total radioactivity and then precipitated with TCA (final 
concentration 5°) and the clear supernatant fluids measured for non precipitable activ ity 
After 2 hr the loop was reconnected into the intestine, and with the lower connexion as a 
cannula intestinal samples were taken daily for 5 days (Table 3). 

Experiment 6. Sheep 9 (77 lb., 35 kg) was injected intravenously with ™I-albumin after 
the upper jejunal loop had been washed out with saline and refilled with 50 ml. saline Loop 


samples were then taken at | hr and at six 2-hourly intervals (Table 4) 
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Experiments 7, sheep 195 (65 Ib., 20-5 kg); 8, sheep 196 (69 lb., 31-4 kg) and 9, sheep 197 
(60 lb., 27-3kg). In each experiment ™'I-albumin was injected intravenously and a plasma 
sample taken 5 min later. After 2 days the loop was isolated, washed out and a measured 
quantity of saline was left in position over six 2-hourly periods. The fluid drained off was 
divided into two samples (Table 5) thus: (1) protein precipitated with TCA (final concentra- 


tion 5°,); and (2) untreated sample. 
Experiment 10, sheep 194 (60 Ib., 27-3 kg). ™'I-labelled sodium iodide was injected intra 


venously and plasma and loop samples were taken as in Expts. 7, 8 and 9 (Table 7). 


RESULTS 

Effect of iodide in the drinking water. Experiment 1. Sheep | and 2 were 
given 0-01°, Nal in the drinking water. This concentration is normally 
used to protect the thyroid of most laboratory animals and man when 
given '![-albumin intravenously. The sheep, however, refused to eat and 
drink and became seriously ill. One of them died: the other recovered 
when the iodide level in the drinking water was reduced. This unusual 
behaviour was shown in the next experiment to be due to an unusually low 
kidney clearance rate for iodide. The results from this experiment have not 
been considered further. 

Catabolism of albumin by normal sheep. Experiment 2. On the basis of 
the above experience experiments were continued with lower levels of 
Nal (0-0025°,,) in the drinking water. Sheep 3, 4, 318, 319, and 320 
received intravenous injections of *'l-albumin (approximately 200 yc) and 
sheep 5 received 231 ye ™I-iodide. Results showed that sheep 5 excreted 
21°, of its total iodide pool per day compared with over 106°, in man and 
various laboratory animals. This explains why 4 days were required for 
sheep 3 and 4 to achieve steady rates of iodide output in the urine 
(Fig. 3). 

Catabolism of labelled albumin was unusual in several respects and we 
briefly draw attention to the following features as being of general interest. 
Albumin half-lives in the plasmas of the animals were very different, 
336-680 hr, but in all cases corresponded approximately with catabolic 
rates determined from daily combined faecal and urinary excretions 
(4-4-10°%, plasma albumin catabolized per day) (Table 1). 

After 12-15 days in all sheep the proportion of radioactivity in the 
plasma not precipitable with trichloroacetic acid, and the catabolic rates, 
began to rise in a manner not hitherto observed in other species (Fig. 3). 
An additional unique feature was the high and progressively increasing 
proportion of the total excreted activity appearing in the faeces. In the 
later stages nearly 20°,, of the excreted activity was in the faeces. Pro- 
gressive re-utilization of iodotyrosine or of its break-down products by 
bacteria in the rumen is a possible explanation for this and for the 
apparently increasing catabolic rates. 
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Experiment with cannulated sheep. Experiment 3. ™'I-albumin was 
injected into sheep 6, which had been provided with cannulae at the three 
stated levels in the gastro-intestinal tract. Table 2 shows the rate of 
appearance of radioactivity in the digesta from the three cannulae. When 
the semi-solid samples were centrifuged, most of the activity was in the 
supernatant fluid and was not precipitable with trichloroacetic acid. 
A few samples were exhaustively dialysed and lost most of their radio- 
activity in the process but a small proportion was clearly not dialysable, 
suggesting that faecal activity may have part of its origin above the 
duodenal level. 


Fig. 3. Turnover results obtained with ™'I-labelled 


sheep albumin, Expt. 2. 


Although morphologically distinct bacteria could be seen in the samples 
from cannulae | and 2, little growth was found in the media inoculated 


from these samples, and much of this was due to sporing organisms which 


might not have been active in the intestine. As was to be expected, more 
microbial activity was demonstrated in the ileum. 

Although the organisms cultured attacked the casein in the medium 
quite extensively, little break-down of the serum protein in the medium 
was found. Whether this can be correlated with the apparently negligible 
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uptake of labelled albumin, or its derived amino acids, into the micro- 
organisms at these sites is impossible to decide from this experiment. 

Further experiments were required to investigate the possibility that 
some or all of the non-dialysable faecal activity in sheep injected with this 
labelled albumin might be due to iodide incorporated irreversibly into 
bacteria and other micro-organisms. 

Experiments with sheep having isolated jejunal loops. Experiments 4, 
5 and 6. 'l-albumin was injected into three sheep, each having an iso- 
lated loop of jejunum, with the following results: 

(a) In Expts. 4 and 5, where a comparison was made, the activity per 
millilitre in the clear fluid collected from the temporarily isolated upper 
jejunal loops was found to rise to more than 10°, of the value in the 
animal’s plasma at the same time (Table 3). No plasma activities were 
recorded in Expt. 6 but the level of activity found in the loop (Table 4) 
was of the order noted in Expt. 4. Practically all this activity was protein- 
bound. On the other hand, the activity per millilitre of the ‘free flowing’ 
intestinal digesta, as obtained at the junction of cannulae | and 4, was of 
a lower order, increased slowly and as in the previous experiments was 
mainly iodide. 

Two hours after the injection of the albumin in sheep 8 (Expt. 5) the 
loop was reconnected. The activity in samples of digesta from cannula 3 
(Fig. 25), that is, after they had now passed through the loop, was reduced 
and was mainly iodide, corresponding to the finding in the earlier samples 
(up to 2 hr) of intestinal digesta. A comparison of the properties of this 
earlier material with the digesta obtained after reconnexion was made as 
follows: Samples precipitated with 15°, trichloroacetic acid (final concen- 
tration 5°) were centrifuged and both deposits containing about a quarter 
of the total activity were dialysed against running water. Only 20°, of the 
activity remained in the sac, indicating that not more than 5°, of the 
total activity in the digesta could be protein-bound. This could not easily 
be investigated further because of the inevitable bulk of TCA-insoluble 
material in the digesta. 

Since both samples behaved in the same way, it appeared that either 
the contribution of succus entericus protein-bound activity represents only 
a small proportion of the total activity in the lumen, or the arrival of 


proteolytic enzymes in the now reconnected loop rapidly leads to hydrolysis 
of labelled succus protein within it. This experiment was repeated after 
injecting “'I-iodide instead of albumin (Expt. 10, sheep 194). 

(6b) The loop of sheep 9 (Expt. 6) was washed through with 50 ml. 
saline solution at the end of each period of collection from the cannula. 
During the course of the experiment bile and (apparently) gut contents 


entered the loop. The wash fluids in all cases had about one-third the 





‘OUTZSOZUT [[eUIS jo sy7"d quoo"lpe Jo GoUGOSOTVOO UIOJy BuTQINSeA sIsoMO4yseUB feUNfel-;euepoNp w eABYy OF PUNO; Ayjvuenbesqns sea dooys styy, » 


" Lz 96-1 09 og ra | 
98L-Z 6-98 16-1 Le og ol 
OPS 6-ZE OL Lt og 8 
6F6-0 S-¥E 60-1 9& og 9 
860-1 £-3e ra Be og F 
Le9-0 P93 LO If o¢ é 
0-08 aL0 OF Og I Glz 
eqeyidweud = -jurg ut onus (%) (‘qua/or ua) ("yaa) ("ya1) (ay) (ov) ‘ou “ou 
“VOL 91qeqtdivoad doo; wos doo, w UdHey O10 poqofutr dooyg ‘ydxq 
UOTIOBA VOL Peueaoo0ed oulleg sojdures =: UIWUING]B- Tye; 
uolwRig pry Wor 4B JO esop 
; uoroelut ‘xoaddy 


* 9 


SAUIUSE AA 


doo, yeunfol—jeusponp peqeyost FJuisn quoucsedxgy ‘¢ aTaVy, 


(¢ B[NUUN.) puS jeysTp Wo’ Ajrep 
Zuj0e]joo puv pue peueponp 
qe doo] FJury0euu00es 194; y) 


II? 8:16 
06S 8-86 
SO-% 8 $6 
09-I ¢-96 
92-1 2:96 
LO-1 - - Og 
0c-o 2°86 001 g 906 t 
(%) (*yua/o7 ua) (%) (‘qua/o7 ua) (%) (‘yua/o7 ur) (%) (*yar/or uw) ay ure (or) ‘ou ‘ou 
eyqeytd erqeiid eiqeiid eiqeyid UdYVI Q1OAM poqoofur dosys “qdxq 
-1weud wweud -1weid “werd seydures UICANGTPR-T rey 
“VOL VOL VOL “VOL Gorge 4 jo o80p 
uolQoR. uoTyoRd J uoToR.g uote uornoofut ‘xouddy 
— ’ ——, —— ; / Joqye SOUILy, 
g BINUURO [ B[NuUPS ‘umMuUeponp ping dooy yeunfer RUIse]g 
‘dooy peyoouu00ey jo puo s98M0'] 


(DZ “Big) syueqUOD jeUTQROQUT 


sdoo yeunfef—jeueponp pezejost Fursn quountsedxy “g @IAV], 





124 R. M. CAMPBELL AND OTHERS 


activity per millilitre of the sample obtained before washing, and half of 
this was precipitable with TCA, indicating that digestion had proceeded, 
though not so far as in the normal intestinal contents. At this time it was 
observed that activities in TCA precipitates were soluble in 1°, TCA- 
ethanol, which is consistent with the presence of 'I-albumin. 

The use of radioactive media and radiography showed that, as suspected, 
union between the lumen of the loop and the end of the intestine had 
occurred, as appeared from observations made during the experiment, and 
post-mortem examination confirmed this finding, although the union was 
small and adjacent to the cannulae. The rising activities were therefore due 
to increasing amounts of iodide coming from the stomach. Despite this 
occurrence the experiment confirms hydrolysis of the proteins in the 
intestinal contents at that level. 

Experiments 7, 8 and 9. This series was designed to facilitate the identifi- 
cation of albumin in the intestinal contents and therefore only fluid from 
isolated loops was used. ™!Il-albumin was injected 48 hr before isolating 
the loop, which was then washed out every 2 hr with 50 ml. saline solution. 
The results (Table 5) are essentially similar in all three animals and confirm 
the presence of non-precipitable activity in the loops. The proportion of 
this activity diminished as the sampling distance from the pylorus 
increased, possibly owing to incorporation into micro-organisms in the 
ileum 

Six loop samples were dialysed under pressure until the protein concen- 
tration was |-2°,, and the protein was then submitted to electrophoresis 
in starch gel, using the technique described by Smithies (1959), along with 
samples of serum taken at the same time. The stained gels were photo- 
graphed, and Fig. 4 shows a typical result demonstrating the presence of 
an albumin-like protein and very little else in the loop fluid. Serial strips 
of gel were cut out and the starch hydrolysed by boiling with 1°,, HCI for 
3 hr (3 ml. for each 2 g wet gel). The hydrolysates were centrifuged and 
protems in the supernatant fluid precipitated with TCA. The results in 
Table 6 show significant radioactivity to be present only in the albumin 
regions and demonstrate that specific radioactivities of albumins in the 
plasma and loop samples were similar. 

Experiment 10, in which sheep 194 was injected with ''I-sodium iodide, 
and which is in essence a control to sheep 8 and others, was carried out to 


decide whether any of the protein-bound activity in the loop samples in 


the previous experiments could have originated from ''I-iodide released 


by catabolism of albumin and recombined into succus or other free 
intestinal proteins. A dose of ™'l-iodide (calc. 800 we) was therefore 
chosen, which would give activities in loop samples of the same order as 


non-protein activities in the previous experiments with !]-albumin 
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(Table 7). In every case all the activity in the loop sample was found in 
the TCA supernatant showing that the sheep cannot use iodide to produce 
protein-like compounds in the jejunum. This finding, and that noted in 
Expt. 3, suggest that diffusible radioactivity liberated by the break-down 
of albumin is being incorporated into bacteria, either anterior to the 


pylorus (reticulo-rumen most probably) or more likely in the caecum and 


colon. 


Albumin zone cut out 
and hydrolysed 


-——— —— Origin 


Fig. 4. Starch gel electrophoresis of plasma (left pattern) and ‘loop 
fluid’ (right) proteins obtained at the same time. 


From the histological observations made on the tissues of the loops of 
Expts. 7-10 it appeared that the loops were healthy and free from necrosis 
or inflammation. The mucosae were essentially normal in appearance but 
there was generally an hypertrophy of the lymphatics. Adhesions were 
present in most animals and could be a cause of such lymphatic en- 


largement. 


DISCUSSION 


From these experiments identification of plasma albumin as a consti 
tuent of the contents of the jejunum in the sheep appears to be established 
both on electrophoretic and on specific-activity bases. While protein-like 
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precipitable radioactivity was demonstrated in test samples of the digesta 
from injected sheep which were accustomed to the presence of cannulae 
over many months and were in good health, this represented but a small 
proportion of the total radioactivity of the samples, which was mainly due 
to ™'I-iodide secreted, presumably, by the salivary glands and gastric 
mucosa. When cannulae connexions were rearranged in such a way as to 


Tasxe 6. Comparison of radioactivity of albumins isolated from simultaneous 


plasma and loop samples from injected sheep 


Times after 
injection Radioactivity 
at which (mye/g albumin) 
samples onsen : 
Expt. Sheep were taken Loop 
no. no (hr) Plasma fluid 
e _ 
195 48 1210 976 
5O 1200 964 
{50 838 692 
OG 4 
196 (60 644 542 
_ (58 844 650 
= 1 60 808 580 


TaBLe 7, Plasma and loop-fluid activities following injection of ™I-iodide into sheep 194 


(Expt. 10). None of the activity in the loop samples was precipitable with trichloroacetic 


acid 
Le 0p 


Plasma samples 
Time (m pe/rml, (mpe/ml.) 
L # 


5 min 31- 
48 hr 3 
50 hr 3: ziy 
52 hr 3°: “13 
54 hr 2-3 0-91 
56 hr 1-¢ 0-97 
58 hr 3-0 1-07 
60 hr 3-0 — 


TABLE 8. Experiments using “'I-albumin 


317 albumin 
injected 
Expt. Sheep intravenously Plasma Plasma 
no. no. (pe) (mye/ml.) volume 
151* 1-50 
120° 1-68 
96* 1-79 
88* 1-96 
~ 90* 1-91 
88t 2-00 
100+ 2-06 
148+ 2-37 
195 437+ 1-83 
196 92 121t 1-59 
197 3: 142+ 2-28 


» 


~ 


~3 a3 <3 «5 
> -3 BS bo tO 


* At 10 min; ft at 5 min. 
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isolate a loop of jejunum, the clear succus entericus collected from this 
loop in 2 hr was equivalent in radioactivity and protein content to a ten- 
fold dilution of the plasma at the same time, and practically no iodide was 
present. Electrophoresis of this fluid using the high resolution of starch 
gel showed it to contain mainly albumin having a specific radioactivity 
approaching that in the plasma at the same time. Washing out the loop 
with saline solution did not increase the measurable radioactivity, sug- 
gesting that we are concerned here with a physiological secretion or 
exudation of albumin, and not a reaction to the saline and washing-out 
procedure used. 

It is not possible to correlate the data obtained from loop samples with 
the measured catabolism of albumin in the same sheep on any quantitative 
basis. This arises from two facts: (a) that we can only guess at the contri- 
bution which the remaining (non-cannulated) section of the intestine made 
to the over-all albumin leakage, and (b) the albumin identifiable in loop 
samples represents only that portion of albumin which has resisted proteo- 
lytic digestion within the loop, although our evidence suggests that 
digestion, if it occurs therein, is very limited. Nevertheless, it is evident 
from the large fall in protein-bound activity per millilitre of intestinal fluid, 
which resulted from reconnecting the loop at 2 hr in Expt. 5 (Table 3), that 
digestion occurs in the loop on a substantial scale when stomach contents 
are passing through the loop in a physiological manner. Total activities 
recovered in two-hour loop washings from sheep 196 in the period 50—60 hr 
averaged 22 myc, and 28 mye in sheep 197 (cf. Table 5) based on measured 
plasma or loop albumin specific activities of approximately 800 myc/g 
(cf. Table 6). These values correspond to approximately 28 and 35 mg 
respectively of plasma albumin secreted into the lumen in 2 hr. Larger 
amounts of albumin appeared in the lumen of sheep 195 in the interval up 
to 54hr but were not sustained in subsequent washings. It appears, 
therefore, that only about one tenth of the total albumin known to be 
catabolized by the sheep in a given interval can be found unchanged in the 
isolated jejunal loop. The most that can be said on the quantitative aspects 
of this investigation is that substantial amounts of albumin can be 
recovered from the intestinal contents and that these do not exceed the 
amounts catabolized daily. This work, therefore, gives general support to 
the experiments of Armstrong et al. (1960) with rabbits, which indicated 
that the main site of break-down of plasma albumin is in the intestine. 

These observations are also of particular interest when we consider the 
work of Nasset, Schwartz & Weiss (1955), who examined the total nitrogen 
recovered from various parts of the small intestine of the dog at death 14 hr 
after a test meal, and noted that the level tended to remain constant in the 
animal regardless of the protein in the test meal. Nasset (1957) found it 
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difficult to escape the conclusion that the ingestion of a meal, whether or 
not it contained any protein, results in the transfer of appreciable material 
into the lumen of the small intestine. He considered that the hydrolytic 
enzymes and the mucoproteins of the digestive juices, together with 
desquamated cells of intestinal mucosa—the last being continually added 
to—and possibly other sources of protein, may provide enough endogenous 
protein which, on digestion, ‘dilutes’ the amino-acid mixture in the 
intestine sufficiently to obscure any peculiarity in amino-acid pattern of 
the food protein. Nasset put forward the view that the results of the 
mixing of amino acids in the lumen of the intestine may be to regulate 
rather closely the relative concentrations of the amino acids available for 
absorption. It is to be noted here that the technique used by Nasset ef al. 
(1955) to obtain the samples of digesta for analysis would lead, we believe, 
to the kind of excessive shedding of intestinal epithelium described by 
Badawy et al. (1957, 1958) as occurring in the sheep and small laboratory 
animals. Fell (1961) has shown how such post-mortem desquamation may 
be prevented. 

Our data (cf. Table 1) show a maximum catabolism of 8 g albumin/day 
(10°, of the plasma albumin) in the normal sheep. The N intake (Expt. 2) 
was some 12-8 g/day. If we assume on the basis of Hogan’s (1957) finding 
that some 75°, of this would actually pass into the duodenum, the contri- 
bution of albumin will only amount to approximately 13°), of the nitrogen 
entering the small intestine. The contribution of the mucoproteins, 
digestive enzymes, cellular debris, etc. may be more substantial but has 
still to be determined. In the sheep microbial protein is of a high biological 
value and the advantages of balancing the amino acids in the digesta 
through secretions etc. is not so obvious as would be the case in non- 


ruminants. 
SUMMARY 


1. Intravenously administered ''I-plasma albumin was catabolized 
very slowly by the sheep, which also was found to have poor ability to 
excrete iodide. Sodium iodide at a concentration of 0-01 °, in the drinking 
water was toxic: no untoward effect resulted from a concentration of 


0-0025°,. Following catabolism of the labelled protein increasing pro- 
portions of the excreted radioactivity appeared in the faeces. 

2. Protein-bound radioactivity was present in digesta obtained from 
cannulae in the duodenum and jejunum along with much larger amounts 
of *"]-iodide. 

3. The sheep cannot use intravenously injected ™'I-iodide to produce 
protein-bound radioactivity in the digesta or faeces. 

4. Fluids from isolated loops of jejunum of sheep which had received 
1[-serum albumin intravenously contained substantial amounts of 
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protein identified as plasma albumin on the bases of electrophoretic 
behaviour and specific radioactivity. 

5. Quantitative aspects of these observations are discussed in relation 
to the site of normal catabolism of plasma albumin and to the possible 
role which this passage of albumin into the small intestine, at a maximum 
of 8 g/day, may play in supplementing the quota of endogenous protein 
being added to the food and microbial protein in process of being digested 
and absorbed. The maximum contribution of plasma-albumin N appears 
to amount only to some 13°, of the nitrogen passing into the duodenum 


of the sheep on this particular type of ration. 


We wish to thank Dr P. N. Hobson and Dr T. H. Blackburn for separating and examining 
the microbial fractions, Mr B. F. Fell for the histological examinations and Miss M. Grieveson 


for measuring the radioactivities 
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The external pancreatic secretion of simple-stomached animals, such 


as the dog and man, has been extensively studied during the past century 


(Thomas, 1950). In the ruminant, on the other hand, only a few studies 
have been conducted on the intestinal phase of digestion. The extensive 
fermentative digestion in these animals and the continuous flow of gastric 
contents to the duodenum suggested that the regulation of secretion of 
digestive juices into the duodenum might not conform to the pattern 
recognized in dogs. In addition, little information is available on the 
enzymic content of sheep pancreatic juice. For these reasons the experi 

ments described here were undertaken. 


METHODS 


Blackfaced sheep were prepared, under Nembutal anaesthesia (pentobarbitone ; 
Laboratories), with Thomas-type cannulae according to the method of Hill & Taylor 
with slight modification in that the gall bladder was anastomosed directly to the 
ejunum. This rendered unnecessary duodenal transection and re-anastomosis, required 


by the original method. Blackfaced sheep were found more satisfactory than other available 


breeds for operation because of their shorter rib cage. This meant that the point of entry of 
the ymrmon bile and pancreatic duct into the duodenum was more readily accessible than in 


the other breeds of sheep available. Each of the seven sheep had rumen and abomasai 


unnulae in addition to the duodenal cannula 


lo collect pancreatic juice the duct was cannulated in the conscious animal and the juice 
allowed to flow into a graduated teat tube fixed to the animal's side. The tube was changed 
and the volume of ita contained juice measured every 15 min. In all samples amylase 
activity was estimated and the total output per fifteen minutes was calculated. In the 
following text amylase activity refers to the total output in each period, except where stated 
otherwise. In many sarnple a chloride and bicarbonate were eatimated, the former by electro 
metric titration with AgNO, (Sanderson, 1952) and the latter with the Van Slyke mano 


metric apparatus In every instance in the following text bicarbonate and chloride levels 
are expressed as concentrations 

Amylase was estimated by Stein & Fiaecher'’s (1958) modification of Sumner’s (1925) 
method 


ao” f 


The starch substrate was incubated with appropriately diluted juice for 3 min at 


In all instances amylase activity is expressed as mg maltose 3 min at 35° C 
* John Simon Guggenheim Fellow, Department of Pharmacology, University of 
Washington, School of Medicine, Seattle 5, Washington, U.S.A 
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The abomasal cannula allowed drainage of the abomasum when required and thus de 
creased or prevented the entry of abomasal juice into the duodenum. In addition, substances 
in solution were introduced into the duodenum through a tube which could be pushed 
through the abomasal cannula past the pyloric sphincter. Solutions were also introduced 
into the duodenum through the Thornas cannula. In Table | are listed most of the solutions 
and drugs used. 
Intraduodenal solutions. Abomasal and rumen contents were obtained from the experi 
mental or other specially prepared sheep. The obviously particulate material was removed 


by filtration through several layers of gauze 


Tasre |. Effect of some substances and procedures on the volume of pancreatic juice 
secreted and on its amylase activity. Amylase activity is expressed as the mean of the 
total activity per 15 min collection 


Mean volume Mean amylase activity (mg maltose) 
(ml./15 mun) 


No. of No. of 
Before j Before After sheep expts. 


Oo 43° 5 5 
5o* 7 11 


Fasting 24-48 hr 3-1 
Opening abormasal cannula 3:15 24 103 


Introduction into the duodenum of 

Abornasal content, pH 2-5 1-5 2! 40 Hio* 
Dialysate of abornasal 1-83 1” 116* 
content, pH 2-5 

Dialysed abornasal con Ho 2 j 222 
tent, pH 2-5 

Fatty acid 55mm, pH 2-6 
Fatty acid 55 mM, pH 4-6 

Casein hydrolysate 5%, 
Rumen liquor 

HCI OI» 

Olive oil 

Oleic acid 

Pilocarpine (intravenous) 
Abomasa! inflation 


~ 
a 


1oi* 
6 
302* 
154 
212° 
114 
3 Ww 
40* is82* 
6 y 131 


~ 


25 
70 
60 
82 
9 
4 
00 
3 


to 
4S oO 


BS OS OS eee ees mee es OS 
= 
20 


to * bo bo bot 


= 


* Difference significant at P 0-02 level. 


The dialysate of abomasal content was prepared by dialysing filtered abomasal content 
against an equal volume of water for 36 hr. Three changes of abomasal content were used 
against the same distilled water, allowing 12 hr for each. The same abomasal content waa 
then dialysed against running tap water for 24 hr. In both cases the final pH was brought 
to 2-5 with HC! or NaOH. 

The olive oi! used was that sold for culinary use and the oleic acid was chemically pure 
Only 10 mil. of either was used, 3 ml. by way of the Thomas cannula and 7 mi. by way of the 
abomasal cannula. Casein hydrolysate and peptone were used as 5%, solutions in water, aa 
the Difco preparations. 

The fatty acid solutions listed contained acetic, butyric and propionic acids either alone 
or mixed with appropriate concentrations of their salts to raise the pH of the final solutions 
from 2-6 to 4:6. In both the pH 2-6 or 4-6 solutions the concentration of the acids or acids 
plus salte was 55 mM, but the final solution was brought to isotonicity with NaCl. The ratio 
of the acid radicals to each other in both solutions was 7:2:1 for acetate, butyrate and 
propionate respectively 

Hydrochloric acid was used, usually as an 0-1 6 solution. In some experiments where an 
attempt was made to correlate the pH of the solutions with the seeretory response of the 
pancreas 0-2 N-HC!] also was employed. In experiments of this sort (Table 2), 0-08 m citrate 
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buffer brought to isotonicity with NaCl was used for pHs above 2-6. The ratio of citric acid 
to its sodium salt was altered to bring the final solution to the required pH 

Intravenous preparations. Pilocarpine nitrate (0-01-0-1 mg/kg), secretin (Boots and 
Lilly) dissolved in water (5-22 u./animal) and pancreozymin (Boots) dissolved in saline 
(5-22 u./animal) were administered intravenously. In all the experiments involving 
injection of secretin or pilocarpine nitrate or the introduction of solutions into the duodenum 
the abomasal cannula was left open for at least | hr to obtain resting values for pancreatic 
secretion. The cannula was left open throughout the remainder of the experiment. 

In all experiments in which solutions were introduced into the abomasum, except those 
using olive oil or oleic acid, a total volume of 40 ml. was introduced into the duodenum in 
15 min; usually 30 ml. from the abomasum and 10 ml. through the Thomas cannula. About 
1/3 of thus volume was given initially and the remainder slowly during the subsequent 
10 min. It was found that at least three 15-min collection periods were necessary before the 
rate of secretion of pancreatic juice returned to its resting value and another solution could 


be tested 


rante 2. A typical experiment showing the relation of pH of the solutions introduced 


into the duodenum to pancreatic amylase secretion, Amylase is expressed as the total 


activity per 15 min 


pH of solutions Amylase 
228 
3s4 
348 
476 


To distend the abomasum a thick-walled rubber balloon attached to a catheter was pushed 
through the abomasal cannula and inflated with approximately 400 ml. of air. With this 
volume resistance greater than that due to the balloon alone could be felt. 

All the procedures outlined above were carried out on four sheep. Of the remaining three 
animals, one lacked only the olive oil experiment. All the sheep were given intraduodenal 
fatty acid solution, but only three received this at pH 4-6. The sheep were housed and fed in 
loose pens. The diet was of hay and meal consisting of crushed oats and linseed meal in the 


proportion of 1:2 


RESULTS 
Effect of fasting. It was found that fed sheep with the abomasal cannula 
closed had an average secretory volume of 3-1 ml./15 min, containing 


amylase activity estimated at 100mg of maltose. Both the volume secreted 


and the total amylase activity were reduced by fasting for 24 hr or more 
(Table 1). Even after a 48-hr fast secretion continued, but at a reduced 
rate (mean 0-9 ml./15 min). Similar reductions in the volume of juice 
secreted and its amylase content were observed if the abomasal cannula 
was allowed to drain for 60 min. It was noted that in all fed animals, with 
the abomasal cannula closed, the pH of the duodenal chyme obtainable 
through the Thomas cannula was between 2-5 and 3-5. 

Effect of abomasal contents. The introduction of filtered abomasal contents, 
obtained from the same or other sheep, into the duodenum significantly 
increased both the volume and amylase of the secreted juice. In eleven 
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experiments abomasal dialysate was introduced into the duodenum and 
resulted in a significant increase in the output of amylase and in the volume 
of pancreatic juice secreted. The mean volume increased from 1-83 to 
2-58 ml. and the amylase from 59 to 116 mg of maltose. Dialysed abomasal 
content, brought to the same pH as the dialysate used above, produced 
a significant increase in volume, but a variable amylase increase. 

Effect of pure foodstuffs and rumen liquor. Solutions at pH 2-6 containing 
acetic, propionic and butyric acids increased the secretion of pancreatic 
juice and amylase. Solutions at pH 4-6 produced a much smaller volume 
increase, 0-35 ml., as opposed to 0-8 ml. in the experiments with solutions 
at pH 2-6. The mean amylase increase, however, was equal in both sets of 


experiments. 


Lod 


Volume (mi.) 


_ 








Fig. |. The relationship between the volume of pancreatic juice secreted and the 
x Sheep 2 


pH of solutions introduced into the duodenum Sheep 1; x 

tumen liquor, at pH 7, was introduced into the duodenum and pro- 
duced equivocal responses. Casein hydrolysate in 5% solution produced 
an equivocal volume response but significantly increased the amylase 
content of the juice from 216 to 302 mg of maltose. The introduction of 
5°, peptone, of olive oil or of oleic acid was without effect. 

Effect of pH. Figure | and Table 2 show one of the most notable findings 
of the experiments, namely, that both the volume of pancreatic juice and 
output of amylase activity vary inversely with the pH of the solutions 
introduced into the duodenum (correlation coefficient (r) for volume and 
pH = —0-534; P < 0-03 for four experiments). Citrate buffer was used 
to prepare the solutions for introduction except below pH 2-6 when HC! 
was used. The introduction of equal volumes of saline or of citrate buffer 
at pH 7 did not significantly alter the rate of pancreatic secretion. 
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Abomasal distension. In eight experiments on six sheep the abomasum 
was distended by introducing 400 ml. of air into a balloon which had been 
inserted through the abomasal cannula. No consistent pancreatic response 
resulted. 

Secretin and pancreozymin. Figure 2 shows that following the intra- 
venous injection of secretin in doses of from 5 to 20 u. the increase in the 
volume of pancreatic juice was linearly related to the logarithm of the 
dose administered. Table 3 suggests that not only does secretin increase 
the volume of juice, but also the amylase activity. Calculations from 
control and experimental data in which pancreatic secretion was stimu- 
lated either by HCl or by secretin indicate that the volume response and 
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Fig. 2. The relationship between the dose of secretin and the increase in volume 
from the resting level. Regression line calculated from data obtained from seven 
sheep, ¥ 3-58e—1:45, n = 23. Correlation coefficient r = 0-69; P < 0-01. 
Mean of controls from which differences calculated = 1-55 ml. x Boots secretin; 


@ Lilly secretin. 


Tasie 3. The effect of secretin on the volume of pancreatic juice secreted 


and on its amylase content 


Total amyiase Concentration 
Secretin (u.) Volume (ml.) (mg maltose) (mg maltose ml.) 
1 a 5S 2° 
20 67 10 
20 53 114 22 
20 5! 105 19 
0 : 74 32 
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the amylase activity of the juice were directly related. A highly significant 
correlation coefficient (r = 0-78; P < 0-01) was obtained from 41 observa- 
tions (Fig. 3). 

The bicarbonate concentrations of the pancreatic juice always increased 
following the injection of secretin. In fact, in every experiment, except 
those in which secretion was stimulated by the injection of pilocarpine, 
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Fig. 3. Data from 41 experiments showing the relationship between the volume of 
juice secreted and the amylase,activity per 15 min from the unstimulated gland 
and after stimulation by injected secretin or the introduction of 0-1 N-HCI into the 
duodenum. Equation for regression: y = 1l4r—105; correlation coefficient, 
r= 081, P < 0-0l,n = 41. 


the increments in bicarbonate concentration and in the volume of juice 
were significantly related (r = 0-88; P < 0-01). Bicarbonate and chloride 
concentrations varied inversely. A significant relationship between chloride 
decrement and the volume response (r = —0-56; P < 0-02) was also 
found (Fig. 4). 
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Pilocarpine. In six experiments in six animals the mean increase in the 
volume of pancreatic juice following the injection of pilocarpine was 120 °%, 
and the amylase activity output per 15 min increased by 158 %, (Table 1), 
but the bicarbonate and chloride concentrations remained unchanged 
(Figs. 5 and 6). In Fig. 6 it will be seen that if pilocarpine is injected when 
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Fig. 4. Calculated regression lines showing the relationship between the increment 
in volume of juice secreted and the changes in bicarbonate and chloride concentra- 
tion following stimulation by injecting secretin, introduction of 0-1 N-HC] into the 
duodenum or by feeding the sheep. ~ x chloride; @—® bicarbonate. Chloride, 
y = —10-3 5-92, n = 15; correlation coefficient, r = -—0-56; P < 0-02. Bi- 
carbonate, y = 12-24 —1-4, n = 14; correlation ‘coefficient, r = 0-88; P < 0-01. 
Mean of the controls from which the differences were calculated: chloride, 


122 m-equiv/|.; bicarbonate = 25 m-equiv/l. 


both the volume of juice and its bicarbonate concentration are falling after 
secretin the volume rises but the bicarbonate concentration continues to 
fall. The bicarbonate concentration of the juice is artificially high after the 
first injection of pilocarpine, because this sample contains juice remaining 
in the ducts and cannula from the previous collection period. 
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In general, chloride concentrations in the unstimulated juice were 
higher than those in dogs and man, ranging from 100 to 120 m-equiv/I. 
while bicarbonate concentrations were lower, ranging from 10 to 35 m- 
equiv/l. In dogs, at secretory rates of pancreatic juice of 0-75 ml./15 min, 
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Fig. 5. Data from three experiments showing the relationship between volume 
and bicarbonate concentration in pancreatic juice following stimulation with 
intravenous secretin and pilocarpine and the introduction of acid of varying 
concentration into the duodenum. @—®@ pilocarpine experiment; O—O acid; 


x x secretin. 
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Fig. 6. Data from an experiment showing the effect of injecting secretin and 


pilocarpine on the volume of juice secreted and its bicarbonate concentration. 


810 = 10 u. secretin; P5 = 5mgpilocarpine. ~ x volurne ; @—®@ bicarbonate. 
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the corresponding figures were 90 m-equiv/l. for chloride and 50 m-equiv/lI. 
for bicarbonate (Bro-Rasmussen, Killman & Thaysen, 1956). 

Because of the variation in resting values, it was necessary to base most 
calculations on the changes from observed resting values in each experi- 
ment, rather than on the absolute figures. This variation in resting value 
may be due to failure to remove all the stimuli of various intensities present 
in the intestine. 

In addition to this variation, it was found that the concentration of 
amylase activity in the pancreatic juice gradually fell with time after the 
operation and did not rise even if the animals were rested from experiments 
for a fortnight. The amylase activity per millilitre of unstimulated juice, 
for example, in sheep 6 when first used, was 54 mg of maltose. A fortnight 
later, after four experiments in each of which a progressively smaller value 
was obtained, only 22 mg of maltose/ml. was produced. A similar pheno- 
menon has been observed by Taylor (1958). In his experiments, amylase 
output declined progressively during experiments lasting 30 hr. 

The effect of pancreozymin was equivocal. This may be due to the fact 
that several of the animals collapsed, even after slow injection, which 
suggests a profound drop in blood pressure. 


DISCUSSION 

It is of value to compare the present results with previous results from 
dogs. The basal secretion after a 48 hr fast in these sheep had a mean value 
of 0-9 ml./15 min, which is greater than that found in the fasting dog in 
which it may be immeasurable (Babkin, 1950). 

The reaction of the duodenal contents was one of the most interesting 
findings of the investigation since in our animals the pH was never above 
3, and in other duodenal-fistula animals in which the bile was not diverted 
it never approached the values found in the duodenal contents of the dog 
following feeding. The abomasal contents entering the duodenum in sheep 
have pH values of this order (R. W. Ash, unpublished observation), but 
they are not apparently neutralized until they are well beyond the common 
opening of the pancreatic and bile duct. This finding, and the relationship 
demonstrated in Fig. 1 and Table 2 between the pH of the duodenal 
contents and the volume and amylase activity, respectively, suggest that 
the reaction of the duodenal contents is an important regulator of pan- 
creatic secretion in the sheep. It has been found (Pincus, Thomas, 
Hausman & Lackman, 1948) that the pH of the duodenal contents of 
dogs and man must fall below 4-5 to stimulate pancreatic secretion. This 
is rarely, if ever, attained in dogs but is the rule in the sheep. 

The high acidity of the duodenal contents poses two questions, namely, 
what prevents the sheep’s duodenum from ulcerating and how do the 
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pancreatic digestive enzymes, all of which have pH optima of 7 or above, 
act in the duodenum? Sheep amylase is inactive below pH 4-5 (Magee, 
unpublished observation) but it resists peptic digestion (Stein & Fischer, 
1958) and may act in the jejunum, where the contents have a higher pH. 
Proteolytic enzymes are, however, much more delicate and may con- 


ceivably be destroyed. 

In the sheep, although volume changes in pancreatic secretion can be 
easily elicited by acid in the duodenum, by secretin and by other stimuli, 
these changes are, as a rule, much smaller than those seen in the dog. The 
largest response to secretin obtained in the present study from a 60 kg 
sheep was 6-7 ml., while from dogs | ml./kg can easily be obtained (Bro- 

Rasmussen et al. 1956). The electrolyte content of the pancreatic juice of 
sheep was notable in that at comparable rates of secretion the concentra- 
tion of chloride was higher and the concentration of bicarbonate lower than 
in the juice of the dog. The direct relationships between the increments in 
volume and bicarbonate is seen in both species, except after pilocarpine 
stimulation in sheep (Figs. 5 and 6). If secretory rates, however, are 
expressed per unit of body weight they are seen to be very much lower in 
the sheep than in the dog. The latter with stimulation may secrete 
0-08 ml./kg/min, while the most obtained under similar circumstances from 
sheep is 0-0067 ml./kg/min. Dogs secreting at such low proportional rates 
have electrolyte concentrations only slightly different from those found in 
sheep (Fig. 4), i.e. about 90 m-equiv/l. of chloride and 60 m-equiv/l. of 
bicarbonate (Bro-Rasmussen ef al. 1956). There are no data on bicarbonate 
secretion in pancreatic: juice following pilocarpine administration in dogs, 
since parasympathomimetic substances alone do not increase volume (Lin 
& Ivy, 1957). In the sheep pilocarpine was a powerful volume stimulant 
(Figs. 4 and 5). These data have led to the speculation that the mechanism 
by which pilocarpine stimulates the volume of juice secreted is different 
from that of secretin and other volume stimulants and that, with these 
agents, the change in volume is secondary to the change in bicarbonate. 
Further interpretation of the data is hampered by the fact that, because 
of variability in the control figures, calculations have all been based on 
increments rather than that on absolute quantities. 

The amylase output, per collection period, of the sheep’s pancreas was 
directly related (r = 0-78; P < 0-01) to the volume of pancreatic juice 
secreted (Fig. 3). Because of the size of the animals and the scarcity of 
secretin it was not possible to administer the hormone by continuous 
intravenous infusion, but the possibility of the effect being due to ‘wash 
out’ was reduced by giving repeated single doses (Table 3). When these 
were kept constant there was little reduction in the total output or 
concentration of amylase. In fact, the amylase concentration was usually 
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lower after the first injection than during subsequent periods and, in 
addition, the concentration of amylase and the total quantity secreted 
varied with the dose of secretin during repeated administrations. 


TaBLe 4. Ratio between the increase in amylase activity (%) and the increase in volume 
secreted (°) following the introduction of various substances into the duodenum 
Solution Ratio 


Abomasal filtrate 2-92 
Abomasal filtrate dialysed 0-47 
Abomasal filtrate dialysate 2-10 
Fatty acid 55 mm, pH 2-6 2-20 
Fatty acid 55 mm, pH 4-6 3-20 
HCl 0-1 s 1-90 
Secretin 1-00 
Pilocarpine 1-32 


The question arises whether or not the secretion of amylase, when various 
foodstuffs and solutions were introduced into the duodenum, was secondary 
to the volume change. Table 4 shows that there is no constant ratio between 
the volume and amylase changes. This is especially clear in the fatty acid 
experiments, where in three animals fatty acid mixtures at pH 4-6 pro- 
duced a smalier volume increment, but an increment in juice amylase 
activity equal to that produced by fatty acid solutions at pH 2-6. It is 
likely, therefore, that in the sheep as in the dog the quantity of enzyme 
secreted can vary independently from the volume of juice secreted. 
Abomasal contents and fatty acid solutions appeared to exert a greater 
effect on amylase secretion than the other stimuli used, and a part of the 
activity of the abomasal contents was due to the presence of a dialysable 
component, possibly of an acidic nature. It should be noted that the 
osmotic pressures of both the dialysed abomasal content and the dialysate 
were less than normal, i.e. about 85 °%, of normal in the case of the dialysate 
and about 40°, of normal in the dialysed content. Since neither the 
dialysed abomasal content nor isotonic saline increased the amylase out- 
put, it is unlikely that the increased juice amylase output evoked oy the 
dialysate was due to its electrolyte deficiency. 

In dogs and man gastric distension regularly produces an increase in the 
volume of juice secreted and an increase in its protein content (White, 
Lundh & Magee, 1960). The sheep’s pancreas, however, did not respond 
to abomasal distension. In view of the way in which abomasal activity is 
integrated with that of the other compartments of the ruminant stomach 
(Phillipson, 1939), it is unlikely that distension is as usual an occurrence 
as in simple-stomached animals where it often follows every meal. 





PANCREATIC SECRETION IN SHEEP 


SUMMARY 


1. Thomas-type pancreatic fistulae have been constructed in seven 
sheep. 

2. The normal fed sheep secreted 3-1 ml./15 min of juice containing 
amylase activity equivalent to 100 mg of maltose according to the method 
used. 

3. Both fasting (48 hr) and the absence of abomasal contents in the 
duodenum reduced secretion and amylase by approximately 50°). 

4. The introduction into the duodenum of abomasal contents, a 
dialysate of abomasal contents, a 55 mm fatty acid solution or 0-1 N-HCl 
increased both volume and amylase. Five °, casein hydrolysate increased 
only amylase significantly. Secretin and pilocarpine increased both volume 
and amylase. 

5. The pH of the duodenal chyme was believed to be an important 
regulator of pancreatic activity. 

6. Bicarbonate concentration increased directly as volume and chloride 
fell in every instance investigated, except after pilocarpine. Pilocarpine 
was without effect on either. 


7. Balloon distension of the abomasum was without effect on secretory 
volume or amylase. 


I wish to thank Dr D. P. Cuthbertson for the use of the facilities of the Institute and 
L. Vowles and E. Rae for valuable assistance and also Eli Lilly and Co for secretin. 
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Experiments designed to test for the presence of a neural link between 
thermoreceptors in the skin of one region of the body and the sweat glands 
elsewhere have depended on comparison of the effects of heating or cooling 
the first region with and without arrest of its circulation. Benzinger (1959) 
has dismissed such work on the grounds that a physiologically normal 
situation has been compared with a physiologically abnormal one, and that 
the stimulus used has frequently been a very cold one. Such effects as 
have been found (e.g. by Kuno 1956) are regarded by Benzinger as irrele- 
vant to situations in which the sweat response is evoked by exercise or 


exposure to a warm environment, and he concludes that peripheral re- 


ceptors are not concerned in the regulation of sweat production under 
normal circumstances. The present authors (Brebner & Kerslake, 1961) 
found that the response of the forearm sweat rate to cooling the legs was 
abolished by arrest of the circulation to the legs, but were unable to con- 
clude from this that thermoreceptors in the legs were not concerned in the 
response, since the effect of circulatory arrest on the receptors and on the 
thermal stimulus to them could not be assessed. 

The present experiments were designed to test for the presence of a 
neural link between thermoreceptors in the skin of the trunk and the 
sweat glands of the forearm, without the use of arterial occlusion or cold 
stimuli. The stimulus used was at all times warm, but varied in intensity, 
and the argument rests on the time relations between stimulus and re- 
sponse. The method also provides information about the thermal parameter 
to which the receptors appear to be sensitive. 


METHODS 


The heat stimulus. Radiant heat was supplied by a bank of six reflecting lamps (Osram 
I.R.R, 4883, run at 115 V) arranged in two parallel rows of three each. Each lamp dissi 
pated about 250 W. The faces of the lamps were about | m above the skin of the subject's 
trunk. 17 cm below the lamps was a grid of 14 slats, each 1-9 cm wide, separated by gaps 
of 1-9em. Around and below this grid, reflecting metal walls prevented radiation from the 
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lamps from reaching the subject except by passing between the gaps in the grid, and re- 
stricted the area illuminated to the region of the front of the trunk, from the clavicles to the 
pubis. 

Immediately above this fixed grid was a second similar grid, which could be moved to and 
fro so as to vary the amount of radiation reaching the subject from a maximum, when the 
slats were superimposed, to a minimum when the slats of the movable grid overlay the gaps 
in the fixed grid. The movable grid was driven by a crank with a stroke of 1-9 em, and the 
intensity of illumination of the skin, when measured with a photocell, was found to vary 
smoothly and approximately sinusoidally with time. As a result of the relatively large faces 
of the lamps, the proximity to them of the grids, and the distance of this system from the 
subject, the effect produced by movement of the grid was a variation of the intensity of 
illumination over the whole of the trunk surface, rather than a variation in the width of 
strips illuminated at constant intensity, which would have been produced had the grid been 
very near the skin. 

The difference in radiation flux between the maximum and minimum positions of the grid 
was measured at the level of the subject's skin in the horizontal plane, by recording the rates 
of change of temperature of copper disks of various thicknesses, blackened on the upper 
surface and insulated on the lower. The disks were calibrated by exposure to a known radia 
tion flux from a hot surface. Over the region occupied by the subject's trunk, the mean 
difference in radiation flux (the double amplitude of the eycle of radiation intensity) was 
310 keal/m* hr, with a maximum of 390 near the centre and a minimum of 200 at the 
shoulder. 

The spectral distribution of the radiation reaching the skin should hardly be affected by 
the relative position of the grids, and a comparison of the emission curve for the lamps and 
the reflectance curve for skin (Hardy, 1949) suggests that about 20%, of the radiation 
from the lamps would be reflected. The effective heat flux over the projected area of the 
trunk thus varied by about 250 keal/m* hr between the maximum and minimum of the 
cycle, and the sensation produced, at the frequencies used, was one of mild but varying 
warmth. 

Sweat production. Sweat was collected by passing dry air through a capsule covering 12 
em® of the volar surface of the right forearm. The effluent air was passed through an infra 
red gas analyser, measuring water vapour, a sample of the dry supply air being passed at the 
same time through the reference tube of the analyser. The air flow was 4 1./min. The output 
of the analyser was arranged to control the speed of a velodyne, on the shaft of which was a 
perforated wheel separating a lamp and photocell. The frequency of pulses from the photo 
cell thus depended on the sweat rate from the skin area beneath the capsule. 

The pulses were fed to a set of ten counters, through a ten-way selector driven round once 


by each stimulus cycle. The total sweat produced in each tenth of a large number of cycles 


was thus recorded on the counters, the total duration relevant to each counter being recorded 


on a second set of counters supplied with pulses at a constant frequency. The mean sweat 
rate in any tenth of the recorded cycles could be found by dividing the total sweat by the 
total time recorded on the appropriate pair of counters. 

Calibration. Static calibration was carried out by replacing the sweat capsule by a weighed 
tube from which water evaporated into the air stream. The pulse rate was found to be a 
linear function of the rate of evaporation over the range encountered in the experiments. 

Dynamic calibration required the injection into the air stream, at the point occupied by 
the sweat capsule, of a water vapour cycle similar to that produced by the subjects in the 
experiments. As will be seen from the results, the wave form produced by the subjects was 
variable, and a sinusoidal change was chosen as a compromise for calibration purposes. This 
was produced by the system shown in Fig. 1. By adjustment of the flow in the various sections 
it was found possible to produce cycles of the right order of amplitude and with periods from 
12 to 67 sec. Shorter periods could not be used for calibration, although used in the experi 
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ments, since the performance of the system proved inadequate. The humidity cycle was 
driven from the crank operating the grid of the stimulator, and recording was carried out 
and the results analysed exactly as for a human experiment. The phase lags between the 
maximum of the radiation cycle and the highest recorded ‘sweat rate’, and between the 
minimum of the radiation cycle and the lowest recorded ‘sweat rate’ were plotted against 
frequency (Fig. 2). Phase lag has been expressed in tenths of a cycle rather than in degrees, 
to emphasize the low resolution of the system in phase. In one case the two highest readings 
were adjacent and equal, and this point has been plotted midway between them. 

The relation between phase lag and frequency can be represented by a straight line 
through the origin. The time interval, d, between points separated by a phase angle, 4, is 


Z 








To crank 


’ 














Fig. 1. Device for producing sinusoidal humidity changes for dynamic calibration 
of the recording system. The dry air supply, measured by the rotameter, R,, is 
divided into two streams M and D. Stream M passes through a humidifier, H, with 
bypass, B. The bellows X and Y are driven to and fro by a crank, producing sinu- 
soidal variations in the rate of outflow from systems M and D respectively. The 


total rate of flow is constant, since the bellows are connected in opposition, X 


opening while Y is closing and vice versa. Rotameters R, and R, are provided in 


order to ensure that the flows in the respective systems do not reverse. The point 
Z, where the two streams rejoin, is connected to the tube which normally leads from 
the sweat capsule. Humidity at this point is assumed to be maximal when the 


bellows are in mid position, Y closing. 
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¢/f, where f is the frequency of the cycle. Since the relation between ¢ and f is found to be 
linear, d must be constant, and is given by the slope of the line. This means that the system 
behaves as if there were a constant time delay between the maximum humidity in the air 
leaving the capsule and the maximum counting rate of the recording system, and between 
the respective minima. This lag is about 7-4 sec. 

Experimental procedure. The subject stripped and lay under the stimulator. The space 
between the reflecting walls and the skin and floor at the upper and lower ends was closed 
with blankets, so that the area exposed to the radiation was confined to the trunk from 
clavicles to pubis, the left upper limb and the upper half of the right arm. The right arm was 
abducted so that the lower half, forearm and hand were outside the radiation enclosure. 


; i 


Phase lag (tenths of a cycle) 


rl i 
0-08 0-12 


Frequency (c/s) 








Fig. 2. Dynamic calibration of recording system; © maxima, @ minima. The line 
represents the response of a system having a constant delay of 7:4 sec at all 


frequencies. 


These regions were further screened by blankets in order to ensure that no direct phasic 
heating was applied to the forearm. The room temperature was 30° C, r.h. 30% and air 
movement 50 ft (12-7 m)/min. The lamps and motor of the stimulator were run for half an 
hour before the subject entered, so as to bring the grids up to their normal working tem- 
perature. The stimulation cycle was run continuously thereafter apart from short pauses to 
change gear when the frequency was changed. At such times the grid was left in the mid 
position. 

Recordings were not started until the indicator of the gas analyser showed that sweat 
production had become continuous. After a stimulus frequency had been set the stimulator 
was allowed to run for 5 min before recording commenced. The response was then recorded 
for a whole number of cycles over a period as near as possible to 10 min. Stimulus frequencies 
were presented in random order, 3 or 4 being used at each session. 

In some cases the circulation to the right arm (the same side as the sweat capsule) was 
arrested by inflation of a sphygmomanometer cuff to 200 mm Hg. Recording was begun 
1 min after inflation of the cuff and continued for 5 min. The cuff was then deflated for 4 min 
and the procedure repeated. 

10-2 
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RESULTS 

Preliminary experiments in which the output of the gas analyser was 
recorded continuously during cyclical heating of the trunk suggested that 
the sweat production was related to the stimulus. The record showed 
distinct peaks of sweat rate corresponding in frequency with the stimulus, 
but these changes were super-imposed on a very variable base line, and 
accurate analysis of the time relations was impossible. The rather elaborate 
method of recording the mean response during a series of cycles was there 


fore used in all subsequent work. 
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Fig. 3. Mean changes in forearm sweat rate during cyclical heating of the front of 
the trunk at various frequencies. Each curve is the mean for about 10 min con 
tinuous running. The period of the stimulating cycle is indicated for each curve 


Base lines have been arbitrarily displaced in order to separate the curves 


Figure 3 shows the mean response curves for one subject at six different 
frequencies. Mean sweat rate is plotted against the phase angle of the 
stimulus, starting at minimum radiation intensity. The shapes of the 
response curves are somewhat irregular, but each has a reasonably well 
defined maximum and minimum, separated by about half a cycle. 

Further analysis of the results was concerned with the time relations of 
the stimulus and response. From Fig. 3 it seems probable that there is an 
increasing phase lag as the frequency increases. At the lowest frequency 
(period 70 sec) the response is nearly in phase with the radiation intensity, 


and the same is true at the highest frequency (period & sec), but inspection 
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of the intermediate curves suggests strongly that in the latter case the 
response was lagging about one full cycle behind the stimulus. Since the 
mathematical form of the response curves was not known, no attempt was 
made to interpolate their true maxima and minima. Instead, the highest 
reading was taken as the maximum and the lowest as the minimum, This 
introduces a considerable grouping error—in the case of the curve for 
32 sec period in Fig. 3 the maximum of a smoothly drawn curve would be 
almost 36° later than the highest observed reading—but since this error 
is also present in the calibration it is acceptable and was preferred to the 
arbitrary choice, for instance, of a sine wave for the representation of the 


response curve. 
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Fig. 4. Phase lags of maximum sweat rate behind maximum radiation, O, and 
between respective minima, @, plotted against frequency of the stimulating cycle. 
The line suggests that maximum sweat rate occurs 9-0 sec after maximum radiation 


intensity at all frequencies. 


With radiation intensity as a reference, the phase lags of the highest and 
lowest recorded sweat rates in each response curve were plotted against 
the stimulus frequency (Fig. 4). For each subject the results may be 
represented by a straight line through the origin, and there is little 
difference between the slopes of the lines for the different subjects. A 
linear relation between frequency and phase lag indicates a constant time 
delay, which, for all results taken together, was about 9-0 sec. The inter- 
cept on the ordinate, in this case zero, indicates the fixed phase lag which 
may exist between the response and the reference cycle chosen. At very 
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low frequencies, when the 9 sec delay becomes small compared with the 
period of the cycle, the sweat response would be in phase with radiation 
intensity. 

Calibration of the system with a sinusoidal humidity change showed that 
the delay attributable to the recording system was about 7-4 sec (see 
Methods). The delay between stimulus and recorded response in the human 
experiments was about 9-0 sec, so that the delay attributable to the human 
link between radiation intensity and humidity in the capsule effluent was 


about 1-6 sec. 
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Fig. 5. Mean changes in forearm sweat rate of three subjects during cyclical heating 
of the front of the trunk. Period of stimulating cycle 24 sec. The circulation to the 
forearm was arrested for | min before recording commenced and maintained there 


after. Each curve is the mean for about 10 min recording. 


It was thought that the stimulus would probably cause reflex changes 
in the cutaneous blood flow in the forearm, and that the observed changes 
of sweat rate might be secondary to these. In order to test this possibility 
experiments were performed in which the circulation to the forearm was 
arrested. This procedure is not open to the objections cited above (p. 144), 
since the receptors of the skin of the trunk would be unaffected. Provided 
that the response was not abolished by arterial occlusion, the conclusion 
could be drawn that the sweat response was not secondary to reflex changes 
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in the cutaneous circulation. The results are shown in Fig. 5. The magnitude 
and time relations of the response do not appear to be affected by arrest of 


the circulation to the arm. 
DISCUSSION 

The forearm sweat rate has been found to follow the intensity of radia- 
tion applied to the front of the trunk with a delay of about 1-6 sec. This 
conclusion rests on the assumption that the method of dynamic calibra- 
tion was appropriate, and is open to some objection on this ground. 
Dynamic calibration was performed by using a sinusoidal humidity change 
injected into the air stream at the point normally occupied by the sweat 
capsule. The choice of this wave form for calibration seems appropriate 
to the general form of the mean response curves (Fig. 3). Precise imitation 
of these wave forms would not be expected to yield delay times for the 
maxima and minima differing greatly from those of Fig. 2. However, the 
impression of the subject, which could be confirmed by observation of the 
indication of the gas analyser, was that in any one cycle the sweating 
pattern was far from sinusoidal. From one to three brief outbursts of 
increased sweating occurred in each cycle, the number depending on the 
duration of the cycle. The mean curve for a large number of cycles may thus 
represent the probability of an outburst occurring at any time during the 
cycle, rather than the typical form of the response during a single cycle. 

From this point of view the method of dynamic calibration used was 
inappropriate. The response to brief square waves might well be a more 
suitable characteristic to apply. When humidity changes of this type were 
fed into the recording system it was found that there was an absolute delay 
of 4-5 sec, representing the time taken for air to reach the analyser from the 
capsule. After this the recorded humidity rose exponentially towards the 
new humidity level, with a time constant of about 6 sec. The time taken to 
reach a peak depended on the duration of the square wave. For waves of 
1 sec duration at 10 sec intervals the delay between the start of the square 
wave and the peak recorded response was about 5-5 sec. 

It is possible, therefore, that a more appropriate figure to use for the 
effective delay of the recording system is 5-5 sec. Since the total delay for 
the mean response curves was 9-0 sec, this increases the physiological delay 
to about 3-5 sec, as against 1-5 sec when the sinusoidal calibration figures 
are used. These two estimates probably represent the range within which 
the true physiological delay lies. 

The observed delay of not more than 3-5 sec between stimulus and 
response includes the time taken for the efferent impulse to reach the sweat 
glands, for the glands to respond and for the secreted sweat to be evaporated 
into the air stream in the capsule. The remainder of the time is available 





152 D. F. BREBNER AND D. McK. KERSLAKE 


for the transmission of information from the skin of the trunk to the 
central end of the effector nerves. Even the time of 3-5 sec. is less than half 
of the lung-tongue circulation time and is too short to permit an explana- 
tion based upon the return of warm blood from the skin of the trunk. 
Moreover, the response was related to radiation intensity, and the skin 
temperature of the heated area would not reach its maximum until the 
radiation intensity was decaying. The results are therefore inconsistent 
with any mechanism which would associate maximum skin temperature 
with maximum stimulus. Thermal parameters which are maximal at 
maximum radiation intensity include the rate of change of skin tem- 
perature and the rate of heat exchange with the environment, and it seems 
necessary to postulate that the response depends on the stimulation of 
thermoreceptors in the skin of the trunk sensitive to such parameters. 

The present authors (Brebner & Kerslake, 1961) found that the response 
of the forearm sweat rate to cooling the legs was abolished by arrest of the 
circulation to the legs. The results provided no evidence that the response 
depends on stimulation of cutaneous thermoreceptors, and it was con- 
cluded that if such receptors were involved they were not sensitive to skin 
temperature or to its rate of change. The possibility that they existed and 
were sensitive to rate of heat loss or to the temperature difference between 
cutaneous arterioles and venules could not be excluded. The present results 
are consistent with either of these possibilities, and demonstrate the exist- 
ence of such receptors in the skin of the trunk. 

The stimulus was strong enough to be felt by the subject, who could 
readily detect the times of maximum and minimum radiation intensity. 
However, during the experiments, the subjects frequently appeared to fall 
asleep and would waken later to report that they had been dreaming and 
had been quite unconscious of their physical environment. The sweat 
response did not appear to depend on the state of wakefulness of the subject 
and it seems unlikely that conscious sensation is involved. 


SUMMARY 


1. The front of the trunk was exposed to sinusoidal variations of 


intensity of radiant heat, while the rate of sweat production from a sample 


area of the forearm was recorded. The period of the stimulation cycle was 
varied between 8 and 70 sec. 

2. The forearm sweat rate was found to foliow the radiation intensity 
with a delay of not more than 3-5 sec. 

3. The response was unaltered by arrest of the circulation of the 
forearm. 

4. It is considered that the findings demonstrate the existence of a 
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neural pathway whereby thermoreceptors in the skin of the trunk can 
influence the activity of the sweat glands of the forearm. The effect is 
not secondary to reflex circulatory changes in the forearm skin. 
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As Blix knew in 1895, the total tetanic tension of frog’s muscle passes 
through a maximum at a certain resting length L’, near to the body 
length L,. At lengths greater than L’ tension decreases through a mini- 
mum, then rises again. Blix remarks that ‘the relation disclosed here gives 
support to the idea, which has been proposed many times, that the force 
of contraction depends on the attraction between longitudinal tissue 
structures within the muscle, which are set apart by extension and in this 
way weaken the attraction’. The discovery of two separate sets of A and I 
filaments (Hanson & Huxley, 1953) and the demonstration that the A 
bands do not change in width during passive stretch or active shortening 
of muscle fibres (Huxley & Niedergerke, 1958) provided the structural 
basis for a revival of this type of theory of muscle contraction (e.g. Huxley, 
1957). It is natural to suppose that the shear force between actin and 
myosin filaments, and thus the tension developed by the whole muscle, 
should be a function of the area of overlap of the two types of filaments; 
the decrease of tension development with increase in muscle length, which 
proved a stumbling block to many visco-elastic theories, is then readily 
explained. It also seems natural to suppose that other phenomena of con- 
traction should be similar functions of the area of overlap. The purpose of 
this paper is to examine the mechanical properties of whole living muscles 
over the range of lengths beyond L’, where the isometric tension diminishes 
with increasing muscle length and to answer the following questions: 
(1) Does tension fall when the active muscle is stretched beyond L’? 
(2) Does tension rise, then fall again, if the active muscle is allowed to 
shorten at constant speed through L’? (3) Is the relation between force 
and speed of contraction affected beyond L’? And (4) is the total amount 
of shortening against a given load altered if contraction begins from 


beyond L*? 
Before proceeding to the experiments it is necessary to discuss the 
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disagreement of some later workers with the original conclusion of Blix. 
Although it has never been disputed that the extra tension developed on 
stimulation passes through a maximum at a particular length and then 
decreases, it has been frequently reported that the total tension (resting 
plus active) did not pass through a minimum, but continued to rise with 
increasing muscle length. There is no objection to this in principle ; indeed, 
if a muscle with very marked parallel elasticity is examined, it must show 
such an effect. However, this cannot be the cause of the discrepancy in 
the many experiments performed on frog’s muscle. In some eases disagree 
ment is explained by the use of twitches instead of tetani (Reichel, 1936; 
Banus & Zetlin, 1938); in others the explanation is obscure (Rosenblueth, 
Alanis & Rubio, 1958). Some authors have attributed Blix’s minimum to 
the effects of fatigue (e.g. Colle, 1929); but this is certainly not the case, 
and Blix’s results have been reproduced many times (Evans & Hill, 1914; 
Beck, 1922; Hill, 1925; Debler, 1936; Aubert, Roquet & Van der Elst, 
1951; Abbott & Wilkie, 1953). 

The division of total tension into an active and a resting part implies that 
these tensions are borne by elements that are separate in a mechanical, if 
not in an anatomical, sense; the experiments of Banus & Zetlin (1938) 
showed this to be at least a good approximation. 

However, the experimental situation is certainly clearer when the compli- 
cations due to the resting tension can be avoided over a range of lengths 
where tetanic tension decreases sharply. This condition cannot be achieved 
with the sartorius, but fortunately it can with the semitendinosus (Fig. 1). 
This muscle is therefore more suitable than the sartorius for the experi 


ments that were planned. 
METHODS 
The semitendinosus is Y-shaped, with two 


British frogs (Rana temporaria) were used 
Each part of the muscle has fibres which are strictly 


pelvic tendons and one tibial tendon 
parallel, but not all exactly the same length because of the mode of attachment to the 
tendons. The greatest variation in length is about 3mm in a muscle of over-all length 
20 mm. These experiments were all done with the anterior (ventral) part only. 

The pelvic bone was clamped rigidly on a multi-electrode assembly and the tibial tendon 
tied to a stainless-steel wire connected to the tension or length transducers. The muscles 
were kept at 0° C in oxygenated Ringer's solution (mm: NaCl 115; KCl 2-0; CaCl, 1-8; 
Na phosphate buffer 2-0; pH 7-0) 

The isotonic lever and the recording apparatus were those used by Jewell & Wilkie (1958) 
The mechanical performance of the light duralumin lever has been described by Jewell 
(1959); its equivalent mass at the point of attachment to the muscle is 0-2 g. A photo 
electrical method is used for length recording and a mechano-electrical transducer tube 
(RCA 5734) for tension recording. 

Shortening or lengthening movements at constant speeds are imposed on the muacle 
during a tetanus by fixing the tension transducer on the moving arm of an ergometer similar 
in principle to that used by Levin & Wyman (1927) 

Tetani of long duration (up to 6 sec in some cases) had to be used when applying slow 
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length changes during contraction. It was practically impossible to keep the muscle in a 
perfect steady state; however, the isometric controls were fairly reproducible if long periods 
of recovery (at least 10 min) were allowed between the tetani. Only the experiments where 
controls showed no excessive decrease of tension (never more than 15 %, e.g. Fig. 2) from the 
beginning to the end are reported. A certain decrease of isometric tension is to be expected 
even under steady mechanical conditions (Aubert, 1956; Jewell & Wilkie, 1958). 


RESULTS 
The isometric tension—length relation of two muscles 


The isometric tension—length diagrams of the frog’s sartorius and of the 
ventral part of the semitendinosus have the same general shape (Fig. 1), 
but they differ in the steepness with which tension falls both above and 
below its maximum P’,. In the case of the semitendinosus there is a long 


Po/Po 





L i i i 
0-6 0:7 08 0-9 1 
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Fig. 1. Isometric tension—length curves of the sartorius and of the semi- 
tendinosus @ @ at 0° C. The interrupted lines show the development of resting 
tension. To compare the shapes of the two curves, isometric tension P, is expressed 
as a fraction of the maximum P’,, and length L as a fraction of the length L’ at P’,. 
L’ may be slightly different from the body length L,. For sartorius P’, 46 2 wt., 
L 3imm, L, 30 mm; weight 57-6mg. P,L,/M = 2:4 kg’cm*. For semi- 


tendinosus P’, 7lgwt., L’ = 21 mm, L, = 22 mm; weight 42 mg, P,L,/M = 


3-7 kg/em?* 


region with a steep negative slope but negligible resting tension. More- 
over, it is evident that the dissimilarity in the spread of the two curves 
does not arise merely from a difference in the resting tension; it could arise 
either from a different statistical distribution of L’ among the fibres in the 
it might reflect a regular difference in the ratio of the 


two muscles, or 
A to I bands in their sarcomeres. 





= 
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Effect of lengthening the muscle during tetanic contraction 

Every experiment began by an estimate of the isometric tension—length 
curve (see Fig. 24). Length changes could then be applied over known 
regions of that curve. 

Figure 2, B-G, shows records of lengthening movements at two speeds 
starting from three different initial lengths. The extension of 1-8 mm takes 
place on the positive slope of the tension—length curve (B, #), near the 
maximum (C’, F) and on the negative slope (D, G). Each picture shows an 
isometric tetanus (4:5 sec) recorded at both shorter (S) and longer (L) 
length; the muscle is lengthened at a speed of 0-6 (B, C, D) or 2-8 mm/sec 
(E, F, G). The movements start 0-8 sec after the beginning of stimulation. 
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Fig. 2. Experiment to show the effect of stretching a tetanized muscle 1-8 mm in 
three different regions of the tension—length curve. 

A. The continuous line shows the tension-length curve at the beginning of the 
experiment, and the arrows show the three regions investigated: 18-7 — 20-5 mm 
(records B, E); 21-4 -—+ 23-2 mm (records C, F); 24-6 —- 26-4 mm (records D, @). 
The symbols show the tensions actually developed after 2 sec in records B—G@. 

B-G. Copies of experimental records showing the tension change during a4 
4-5 sec tetanus at shorter length, «; plotted as or @ in A, 

L, 4-5 sec tetanus at longer length; plotted as or A in A; Str., 4-5 sec tetanus 
with stretch; BCD, © or A, slow stretch 0-6 mm/sec; EFG, @ or A, fast stretch 
2-8 mm/sec; C, F show the length change (interrupted line). The top horizontal line 
in each record shows the deflexion produced by 50 g wt. Semitendinosus, 0° C, 


42 mg, P,L,/M = 3, 7 kg/cm’. 
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The tension change brought about by lengthening is complex. The most 
conspicuous feature is a step in tension at the start of the stretch, just as 
though the muscle were a viscous element. Three other features are super- 
imposed on this step: (1) a gradual rise to a new level of tension, followed 
by (2) a linear increase of tension during further lengthening, more or less 
in proportion to the distance stretched ; (3) after the end of the stretch, a 
very slow decay of tension. These general features of the tension change in 
a stretched muscle have already been fully commented on by Abbott & 
Aubert (1952) and by Walker (1953). The problem considered here is the 
way in which the effect of stretch is related to the initial length; and it is 
clear that tension rises more and stays high longer in D and G@ than in the 
other records. In this experiment, as in others made over a wide range of 
speeds and lengths, the tension never falls during stretch, even though the 
isometric tension may diminish considerably over the same length range. 
Thus the tension cannot be directly related to the area of overlap of A and 


I filaments. 
Shortening during a tetanus 


The experiments began as before by a determination of the isometric 
tension—length relation (Fig. 3B, circles). If the muscle is allowed to 
shorten from length (L) to length (8), tension varies with length and velo- 
city of shortening as shown by Fig. 3.A and B. The actual record (Fig.3 A) 


shows a quick initial fall of tension when the movement starts, the new 
level of tension depending on the force—velocity relation at the corre- 
sponding length. During further shortening at constant speed tension 
rises and falls, drawing a curve similar to the isometric tension—length 
relation, which is thus confirmed to apply also to the shortening muscle. 
In similar experiments on the sartorius, Aubert (1956, p. 224) finds tension 
to decrease at lengths below L,; but the rise of tension for movements 
starting above L, is very small in his experiments because of the less suit- 
able negative slope of the tension—-length curve of the sartorius. 

If stimulation is continued after shortening has ended, tension rises 
towards the isometric level and sometimes reaches it. 


Isotonic shortening during tetani starting above L’ 

Velocity. The relations between the load and the velocity of shortening 
cannot be accurately investigated above L’, because the velocity is not 
constant over any appreciable distance. Shortening accelerates up to L’, 
then decelerates. Moreover, the velocity at any given length depends to 
some degree on the distance that the muscle has shortened already. 
Force-velocity curves therefore cannot be established with precision ; they 
are roughly hyperbolic, so that Hill’s equation can be tested approxi- 
mately, but the values of the parameters a and 5, as well as P,, must be 
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adjusted in accordance with the length. The situation is different at 
lengths shorter than L,, where the parameters a and 6 of the characteristic 
equation can be considered as independent of length (Abbott & Wilkie, 


1953; Ritchie & Wilkie, 1958). 
- A 











3-9 mm/sec 





1-5 mm/sec 
YW mm/sec 
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Fig. 3. A. Experimental record of tension change in a tetanized muscle during a 








release at about 2-7 mm/sec from L’ + 2-6 mm to L’—3-4 mm. 

The record shows: L, isometric tension at L’+2-6 mm; S, isometric tension at 
L’ —3-4 mm; R, tension change during a release beginning at 0-9 sec after the first 
stimulus. The dotted line shows the length change. Part of R is plotted as the 
middle curve in 3B. 


B. Releases at various speeds shown in relation to the tension—length curve. 


Only part of each record is shown. For the details consult Fig. 3A. Semi- 


tendinosus, 0° C; 29mg; P,L,/M = 3-3 kg/em*. 


Total amount of shortening. The maximum amount of shortening varies 
with length as shown in Fig. 4. When shortening starts from L’, the same 
tension—length relation applies to isotonic and to isometric tetani (Abbott 
& Wilkie, 1953; Wilkie, 1956). The tension—length curve drawn from 
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isotonic free-loaded contractions is similar to those published by Buchthal, 
Kaiser & Rosenfalck (1951). If a contraction begins in the area to the 
left of the interrupted line, tension at the maximum of both isometric or 
isotonic tetanus is a function of the muscle length only, as suggested by 
Wilkie (1955). If it begins to the right of the line, the amount of shortening 
is very much reduced. 


bs | 








L 1 | 1 
10 4 14 Lo 18mm 





Fig. 4. Comparison of the isometric tension-length curve and of the maximum iso- 
tonic shortening from different initial lengths. @ @ Isometric tension—length 
curve, 1,2 see tetani maximum isotonic shortening, after-loaded from 
L’, 1-2 see tetani: A A maximum isotonic shortening, free-loaded, 2-5—5 sec 
tetani. 

The arrows show the maximum shortening for some other loads and initial 
lengths. The interrupted line is drawn from eighteen records; the isometric and iso 
tonic tension—length curves are approximately equivalent only if length and tension 
remained in the area to the left of this line. Semitendinosua, 0° C, 22-3 mg, P,L,/M 

= 3-4 kg/cm? 


Effect of a previous stretch of the resting muscle on the force 
and velocity developed when tt is stimulated 

A curious effect was observed in experiments where the resting muscle 
was stretched to a tension greater than about 8g wt. Even after the 
muscle had been returned to an unstretched length, tension development 
and shortening were both slower than normal. The muscle had to spend 
| or 2 min at the shorter length before its performance recovered. 

The effect on shortening is shown in Fig. 5A: the isotonic shortenings 
from L, start at different times after releasing the resting muscle from the 
length corresponding to 12g of resting tension. Only after 2 min have 
the velocity and the total shortening recovered to their full values. Even 
a brief stretch has quite a marked effect, as is shown in Fig. 5B (compare 
2 and 3); but it becomes greatest after | min of stretch (1). 
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The effect may be due to metabolic changes, for the metabolic rate of a 
resting muscle is increased by stretch (Feng, 1932). However, the rate of 
recovery is not appreciably altered by stimulating during the recovery 
period, though this certainly alters the metabolic rate considerably. 


Fig. 5. A. Isotonic shortenings, starting from L,, after-load 12g, at different times 
after release of the resting muscle from 12 g tension. Time after release: (1) 1 sec; 
(2) 10 sec; (3) 30 sec; (4) 2 min. 

B. Isotonic shortenings, starting at L,, after-load 14g, 15sec after release of the 
resting muscle from a tension of 14g. Duration of stretch (1) 1 min; (2) 1-2 sec; 
(3) control after recovery. Calibration lines: mm, 50 c/s. Semitendinosus, 0° C; 


25mm; 19mg; P,L,./M=2kg/cm*. 


DISCUSSION 


The general conclusion to be drawn from the preceding experimental 
results is that when an active muscle is allowed to shorten (even by only 
the small amount involved in registering its ‘isometric’ tension) the ten- 
sion developed at a given speed of shortening, or the speed of shortening 
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against a given load, both pass through a maximum near to the length that 
the muscle has in the body. This length is approximately that at which the 
area of overlap of actin and myosin filaments is also a maximum. 

However, the observed effects of stretching an active muscle are not 
readily explained by the sliding-filament hypothesis; for whatever the 
mechanism which determines the force between filaments that are being 
forcibly separated (see e.g. Huxley, 1957, p. 291) one would expect the 
force to be proportional to the area of overlap; and it is not. One possible 
explanation is that during such stretches, the I filaments do not actually 
become withdrawn from the A filaments, but that elongation and tension 
development occur without such displacement. At present there is no 
microscopic evidence to decide the question one way or the other. 

Theories apart, the experimental result as it stands has some practical 
importance in relation to A. V. Hill’s conclusion (1953) that an elongated 
muscle must be unstable because the parts that started strong would 
shorten and become stronger, while the parts that started weak would be 
lengthened, and would become weaker. In fact the weaker parts would be 
expected to resist lengthening with a considerable force that is, if anything, 
increased by lengthening; so instability is not inevitable. 

Direct observations of muscles stimulated after elongation give some 
what contradictory results. Isolated single fibres show marked internal 


readjustments of length (Huxley & Peachey, 1959, 1961) while whole 
sartorii appear to be quite stable (Jewell & Wilkie, 1958). The difference 


may arise from the presence of connective tissue in the whole muscle. 


SUMMARY 


|. This paper is concerned with the mechanical properties of muscle 
that has been extended beyond its body length. The resulting diminution 
in isometric tension development has often been explained in terms of a 
decreased area of overlap between actin and myosin filaments. If this is 
true, other phenomena of contraction should vary in the same way ; experi 
ments have been carried out to find out whether they do or not. 

2. The experiments were performed on the frog’s semitendinosus, 
because in this muscle the falling part of the tension—length curve is very 
pronounced, 

3. When the tetanized muscle is lengthened at constant speed in this 
region, tension never falls but always rises; at the end of the movement 
tension stays above the isometric level as long as stimulation goes on. 

4. When the tetanized muscle is allowed to shorten at constant speed, 
a series of dynamic tension-length curves similar to the isometric tension- 


length curve are recorded 
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5. The relation between tension and length is the same for isometric and 


isotonic contractions within certain limits of length only. 
6. Stretching the resting muscle decreases its ability to shorten or 


develop tension subsequently; this effect persists for some time after 


returning to the original length. 


I am indebted to Dr D. R. Wilkie for his help and advice, and for allowing me to use the 
facilities of his laboratory. This work was undertaken during the tenure of a scholarship 
from the British Council, and finished thanks to a maintenance grant from the Swiss 


National Science Foundation. 
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Although a number of studies have been made on the microphonic 
(Wever & Bray, 1936; Heise & Rosenblith, 1952) and gross neural 
responses (Hamdi & Whitteridge, 1954; Erulkar, 1955) of the avian audi- 
tory system, no recordings appear to have been made of the response of 
single units in the auditory pathway of birds. Many electrophysiological 
studies of the mammalian auditory system at the brain-stem level have 
been made (for reviews see Galambos, 1954; Whitfield, 1957), and the 
correlation of the results so obtained with the mechanical properties 
imposed by the structure of the internal ear (von Békésy, 1949; Zwislocki, 
1950), have led to a great number of hypotheses about the relative roles of 
the various sensory structures associated with the basilar membrane, and 
the part played by nervous mechanisms (e.g. Huggins, 1953; Allanson & 
Whitfield, 1955; von Békésy, 1953, 1958). Since the structure of the 
internal ear in birds differs considerably from that in mammals, yet the 
total system performs substantially the same function with the same order 
of acuity in the two classes, it would seem to be of great interest to com- 
pare the responses of single units in birds with their equivalents in the 
mammalian pathway. 

The microscopic anatomy of the avian auditory pathway has been 
treated by Cajal (1909), by Craigie (1928), by Sanders (1929), and reviewed 
by Kappers, Huber & Crosby (1936). Although very little information is 
available about the connexions beyond the levei of the brain-stem nuclei, 
the relation of these nuclei to the auditory nerve has been studied in 
several species. It seems to be generally accepted that the central ends of 
the fibres of the auditory division of the eighth nerve terminate upon the 
cells of N. angularis and N. magnocellularis of the same side. Although 
many of these fibres penetrate N. laminaris to reach N. magnocellularis, 
they are thought not to establish direct connexion with its cells. N. lami- 
naris forms part of the auditory system, but is thought on anatomical 
grounds to receive its input secondarily from N. magnocellularis 
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(Brandis, 1894). Erulkar (1955), however, did not find any difference in 
the latency of the evoked auditory responses between the two nuclei. 

It has been suggested that N. magnocellularis is the equivalent of the 
ventral cochlear nucleus in the mammal (Brandis, 1894), and it is to this 
nucleus that we have so far directed our attention. Preliminary results 
have already been reported (Stopp & Whitfield, 1960). A few records have 
been obtained also from N. laminaris. 


METHODS 


Pigeons (which were in most cases of racing breeds, though a few examples of ‘fancy’ 
breeds were also used) were anaesthetized with urethane (1-1 g/kg) intraperitoneally. After 
trying a number of different substances, we found this anaesthetic to be by far the most 
satisfactory and to maintain a uniform depth of anaesthesia for many hours. One wing 
artery was cannulated to record blood pressure and the pigeon placed ventral surface upper- 
most. On account of the fragility of the pigeon skull and the flexibility of the bill it is difficult 
to clamp the head rigidly, and eventually the best method of holding it was found to be to 
pass a short length of stainless-steel wire through the vertex of the skull from one side to the 
other and to set this wire, together with the vertex, in a head holder consisting of a shallow 
trough about one quarter inch deep containing plaster of Paris. In this way the skull was 
held firmly without impeding the auditory, visual or respiratory pathways. The brain stem 
was exposed from the ventral aspect by removal of the trachea and the musculature in the 
triangle formed by the separation of the carotid arteries, and by nibbling away with forceps 
the bone so exposed. This bone was removed as far caudally as a point just caudal to the tip 
of the odontoid process and for a distance of about 2 mm rostral to it. Removal of the bone 


further rostral than this is liable to damage the cochleae. After this dissection was completed, 


the pigeon head holder was clamped in a stereotaxic apparatus so that the line of the bird's 


beak cleft was parallel to the horizontal reference plane of the instrument. 

Stimuli were led to the two ears through short Perspex tubes, terminated by ear-moulds 
which had been cast to fit the external ear. The stimuli were generated in most cases by 
Brush crystal BA-206 earpieces fed from two audio oscillators via a mixer, an audio amplifier, 
and suitable compensating networks. The over-all response was in this way made reasonably 
uniform over the range 250-6000 c/s. In some experiments, and for lower frequencies, 
8.G. Brown ‘Super K’ moving coil earpieces were employed. 

Glass micropipettes of about 0-5 « outer tip diameter filled with 5 m-NaCl and mounted 
on a Grass P-6 probe were used for recording. They were inserted into the brain stem under 
direct vision, using a Zeiss otoscope. One eyepiece of the otoscope contained a graticule 
which superimposed a grid on the image of the brain stem. Orientation of this grid on 
surface markings facilitated successive insertions of the electrode in known positions. In 
order to reach the nucleus, the electrode carrier was set to drive the electrode in a ventro- 
rostral-dorso-caudal direction making an angle of about 30° with the horizontal plane of 
the instrument. 

At the end of each successful experiment the micropipette was left at the recording site 
and the brain perfused with saline and formaldehyde solution via the cannulated wing artery. 
The fixed brain was then sectioned in the plane of the electrode and stained with Luxol 


fast blue and Cresvl violet (Kliiver & Barrera, 1953). 
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RESULTS 


From 68 pigeons which survived anaesthesia and operative procedures, 
a total of 100 auditory units were isolated and studied. Examples of the 
responses of such units to stimulation are shown in Fig. 1. All units which 
were excitable by tonal stimulation showed the typical threshold responses 
which have been described in mammals (Galambos & Davis, 1943; Tasaki 
& Davis, 1955); that is to say, they had well-defined characteristic fre- 
quencies at which the threshold was lowest and a progressively rising 


(a) 


























Fig. 1. Responses of single units in nucleus magnocellularis to acoustic stimulation 
at their characteristic frequencies: (a) 1450 c/s, —35 db. (b) 2600 ¢/s, —10 db; 
upper trace, onset of stimulation; lower trace, termination of stimulation. 
(c) 1950 c/s, — 30 db (upper trace) and — 10 db (lower trace). 

Time bar (below each set of records) 0-5 sec. The sound reference level in this 
and subsequent figures is approximately | dyne/cm®*; and stimulation is indicated 
by thickening of the signal line immediately below each trace. 


threshold for frequencies further removed from this value. The great 
majority showed the ‘classical’ type of curve rising more steeply on the 
high frequency side (Fig. 2), but nevertheless a few anomalous curves of 
the type described by Katsuki, Watanabe & Suga (1959) were also seen. 
These curves were more nearly symmetrical or even tended to be mirror- 
images of the classical curves, with the low-frequency side rising the more 
abruptly (Fig. 2, full line). The absolute values of the thresholds varied 
considerably from unit to unit, as they have been found to do in cats, and 
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in fact covered about the same range as those observed in mammalian 
studies. 

In ‘low-frequency’ units the same definite relationship has been seen 
between the response and the phase of the stimulating sinusoid (Fig. 3a), 
as is commonly observed in cats. However, this was not always the 
case, and Fig. 36 illustrates a unit where the relative phases show con- 
siderable variability. This failure to ‘lock’ was not related to stimulus 
frequency and occurred whether the stimulating tone was near to (Fig. 45) 
or distant from (Fig. 4a, c) the characteristic frequency. 
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Fig. 2. Typical threshold—frequency response curves for four units. The majority 
of such curves follow the ‘classical’ pattern but some ‘anomalous’ curves (full 
line), which are symmetrical or rise more abruptly on the low-frequency side, are 


found. 


A proportion of the units studied (twenty-one) could not be excited by 
any stimulus which was available to us, but their resting activity could 
nevertheless be readily inhibited by tonal stimuli (Fig. 5), the frequencies 
adequate for this being well defined and showing similar behaviour to other 


inhibiting stimuli (see below). 

In almost every case the ‘spontaneous’ firing rate was higher than that 
found in the trapezoid body in cats (Hilali & Whitfield, 1953). Although 
spontaneous rates as low as |0/sec were seen, rates as high as 100/sec were 
commonly observed and these might vary by as much as 60°, from minute 
to minute in the same unit. With the termination of the stimulating tone 
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the spontaneous activity was temporarily depressed (Fig. 6); almost all 
units studied displayed this ‘silent period’. Stimuli of equal magnitude 
produced increases of anything from 5 to 195%, above the spontaneous 
firing rate in different units. 

Units with characteristic frequencies ranging from 90 to 4130 c/s have 
been isolated, the most numerous being those responding around 1800 c/s. 
The distribution of characteristic frequencies of the units studied is shown 
in the form of a histogram in Fig. 7. It is probable that units responding 
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Fig. 3. The relation between neural discharge and phase of the stimulating 
sinusoid: (a) Constant relationship in a unit stimulated at its characteristic fre- 
quency of 285 c/s. (b) Variable relationship in a unit of characteristic frequency 


450 c/s, stimulated at 250 c/s. 
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Fig. 4. Same unit as Fig. 3b, showing responses to activating frequencies which are 
lower than, close to, and higher than the characteristic frequency of 450 c/s. 
(a) 250 c's —10 db; (6) 400 c/s —25 db; (c) 800 c/s — 10 db. The relationship with 
the stimulating sinusoid is irregular at all frequencies. In the case of record (c) it 
was necessary to enlarge successive portions of the record to verify this. 
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to frequencies below 90 c/s exist, but our equipment was not adequate 


for making quantitative observations in this region. 
In order to determine the relative threshold of a given unit to stimula- 


tion from the homolateral and contralateral sides, tones were applied 
separately to each ear. In no case was a lower threshold found for stimula 
tion from the contralateral side, the contralateral thresholds being in 


general 25-40 db higher than those on the same side as the nucleus. 
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Fig. 5. (a) Partial inhibition of a unit which could not be excited; inhibiting tone 


1800 o/s, 10 db. (6) Complete inhibition at 55 db of another ‘inexcitable’ unit; 


inhibiting tone 250 c/s 
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Fig. 6. Termination of an exciting tone of 1900 c/s, — 10 db, showing the 


temporary suppression of spontaneous activity. 
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Distribution of characteristic frequencies of units studied. 
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Of the units studied approximately two-thirds could be inhibited by 
tonal stimuli, while the remainder could not be so inhibited by tones 
within the range tried (100-10,000 c/s). Although some units required 
inhibitory tones of the same range of intensity as the exciting tone 
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Fig. 8. (a) Unit excited (1) at its characteristic frequency of 280 c/s, — 20 db. The 
addition of a second tone (2) of 570 c/s at the same intensity inhibited all activity. 
(6) Unit excited at its characteristic frequency of 1600 c/s. Addition of a second 
tone of 885 ¢/s produced only partial inhibition even though the intensity of this 


inhibiting tone was 48 db stronger. 
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Fig. 9. An inhibitory response curve showing the frequency~intensity relationship 
for which the inhibiting tone just produces a measurable diminution in firing rate. 
The general form of this curve may be compared with the excitatory threshold 


response curve of Fig. 2. 


(Fig. 8a), others required inhibitory tones of considerably greater intensity 
to produce a significant effect (Fig. 8b). Even with quite strong stimuli 
inhibition was in some cases only partial. An inhibitory response curve is 


shown in Fig. 9. 
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In the course of the experiments, a few records (8 units) were obtained 
from sites in N. laminaris (Fig. 10). These units appeared to respond in a 
manner indistinguishable from units in N. magnocellularis, judged on the 
small sample available. 


wy mei | 
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Fig. 10. Responses of a single unit in nucleus laminaris. At (a) it is excited by a 
tone of its characteristic frequency of 2700 c/s, —60 db. At (6) a second tone of 





4500 c/s, — 10 db is added which only partially inhibits activity. 


DISCUSSION 

The range of hearing of pigeons has been investigated by subjective 
methods at various times since the early experiments of Wundt (1894). 
Using training methods, Jellinek (1926) reported positive results for dis- 
criminations with tones between 652 and 3480c/s in turtle doves. 
Wassiljew (1933), using conditioning methods in pigeons, placed the upper 
limit in the region 10,000—12,000 c/s. Huizinga (1935), using the sound 
reactions of Tullio (1929), found that the effective range for these responses 
was 650-8277 c/s. These authors attributed the reactions to stimulation of 
the vestibular part of the internal ear, however, since extirpation of the 
cochlea reduced but did not abolish them. They were only seen in the 
presence of an artificial opening into the bony labyrinth. Wever & Bray 
(1936) obtained cochlear microphonic responses from the pigeon over the 
range 100-10,000 c/s, though the magnitude of the response started to fall 
sharply above 3-4000 c/s. More recently Heise (1953), using operant 
conditioning techniques, has obtained detailed threshold response curves 
for the pigeon. He found the threshold to be lowest in the region of 
2000 c/s and to rise abruptly above 4000 c/s. The low-frequency part of the 
curve was stated to be similar to that for man. 

The upper limit of frequency response in our experiments coincides 
fairly exactly with Heise’s results, the highest characteristic frequency we 
have found being 4130 c/s. As is shown in Fig. 6, units with characteristic 
frequencies around 1800 c/s are the most common. Although we have not 
been able to determine threshold—frequency relationships for units with 


responses below 100 c/s owing to the limitations of our equipment, we have 


evidence of the existence of such responses—possibly down to frequencies 
as low as 40 c/s. 

The structure of the avian auditory receptor is very different from that 
in mammals (Fig. 11). Estimates of the number of hair cells vary from 
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1200 to 3000 (Portmann, 1959; Prosser, Bishop, Brown, Jahn & Wulff, 
1950), a finding which might be correlated, at least in the pigeon, with the 
shorter range of hearing. However, the most striking difference is in the 
arrangement of the cells. There is nothing corresponding to the mammalian 
organ of Corti, and hence no division into inner and outer hair cells. 
Furthermore, the number of these undifferentiated cells forming one trans- 
verse row is much greater than in the mammalian organ. 


Tectorial membrane Za 
Hair cell — a. 
~— 3 
* Cre 7 y —J . 
GUY Ad, 
Ni lars hal 


Ss. < 


: A 
Pee Fa- 


S 


Avian 


Tectorial membrane 


Basilar membrane 
Mammalian 


Fig. 11. Comparative structure of avian and mammalian auditory receptor organs. 
Upper figure after Satoh (1917); lower figure after Retzius (from Cajal, 1909). 


It would be expected that the mechanical behaviour of the two types of 
structure would be somewhat different, and von Békésy (1944) has shown 
that the mechanical resolving power of the bird basilar membrane (in 
terms of the distance the point of maximum displacement is shifted for a 
given frequency change) is lower in birds than in any of the mammals. Yet 
we find that the threshold—response curves at the level of nucleus magno- 
cellularis are virtually identical with those found in the cat cochlear 
nucleus. Such findings would support the view (Whitfield, 1956, 1959) that 
provided there is some differential response at the periphery, it is the 
nervous portion of the auditory system which plays the major part in 
extracting this difference and transforming it into a form utilizable by the 
higher levels of the nervous system. Our findings suggest that this process 
may have already gone so far at the brain-stem level that a similar in- 
formational pattern is presented to the higher levels of the nervous system 


in both birds and mammals. 





174 PHYLLIS E. STOPP AND 1.C. WHITFIELD 


In such a process it has often been suggested (e.g. Huggins, 1953) that 
comparison of the relative responses of the inner and outer hair cells by the 
nervous system plays an important role in the transformation. However, 
if this is so the role cannot be a very critical one, since no differentiation 
into inner and outer hair cells exists in the pigeon. It is true, of course, that 
a comparison of the outputs of cells in different positions across the row 
might perform a similar function, but this would not give the clear 
dichotomy in behaviour which has so far been demanded by such hypo- 
theses. In the absence of positive evidence about the function of inner and 
outer hair cells the question must still remain a very open one. 

It would likewise seem that the difference between the symmetrical 
threshold—response curves of Katsuki (Katsuki et a/. 1959) and the usual 
asymmetric type cannot be attributed to a difference in origin of their 
afferent excitation in outer and inner hair cells, since both these types of 
curve have been seen in the pigeon as well as in the cat. 

\lthough some examples of low spontaneous activity were observed, the 
rates of spontaneous activity were, in general, high and the increases 
produced by quite strong stimulation were sometimes only small. Further- 
more, the rates of spontaneous activity would commonly fluctuate quite 
widely in the same unit over a period of time. We have therefore found it 
difficult to draw any conclusions about the relation between stimulus 
strength and response in these experiments. Whether such high resting 
rates are normally present, or whether they are an artifact produced by the 
introduction of the recording electrode, we cannot at present say. Cer- 
tainly the cells of N. magnocellularis are very closely packed and a close 


approach is necessary to isolate the response of one of them. High rates of 


spontaneous firing are commonly observed in the mammalian cochlear 
nucleus also, and it seems at least possible that we ought not to rely on 
data about firing rates recorded from the interior of nuclei, but consider, 
for this purpose, only axonal responses. 

The observation that thresholds were some 25-40 db higher on the 
contralateral than on the homolateral side is in agreement with the 
anatomical evidence that the auditory nerve terminates entirely in the 
nuclei of the same side. Although the results have not been confirmed by 
cochlear destruction, it would appear reasonable to attribute a difference 
of this order to mechanical cross-transmission. The attenuation over such 
a non-nervous pathway might be expected to result in a threshold differ- 
ence of about the magnitude found. 

Galambos & Davis (1944) found inhibitory phenomena present at a quite 
peripheral position in the cat cochlear nucleus; Tasaki & Davis (1955) 
found evidence in the guinea-pig for two distinct groups of fibres coming 
from the periphery (as judged on a basis of threshold) which they suggested 





AVIAN AUDITORY RESPONSES 175 
might represent those taking origin from inner and outer hair cells 
respectively. Allanson & Whitfield (1955) examined the implications of 
inhibitory afferent fibres arising at the periphery, but rejected this hypo- 
thesis on grounds of its rather precise threshold demands, in favour of 
inhibitory connexions within the nucleus itself. However, as these authors 
stated, the evidence for rejecting peripheral inhibitory fibres was not 
strong. In view of the foregoing, the inhibitory phenomena in the pigeon 


are of particular interest. 

In general, these inhibitory phenomena seem to parallel those in 
mammals. The inhibiting frequencies are specific, there being for each unit 
a particular value which is the most effective. The relation between the 


intensity of the inhibiting tone and the band of frequencies over which it 
influences the response follows the same general triangular pattern seen in 
cats (Fig. 9), and is obviously analogous to the excitatory threshold curves. 

As in the mammalian system, there are many units which apparently 
cannot be inhibited by tonal stimuli. A striking observation lay in the 
number of units (20°) in which the spontaneous activity could be in- 
hibited by specific frequencies, but which could not be excited by any 
stimulus we had available. As far as we are aware this is not paralleled in 


mammalian studies. 


SUMMARY 

1. The responses to sound stimulation of 100 units from auditory nuclei 
in the brain stems of pigeons, mostly from N. magnocellularis, have been 
examined. 

2. The threshold—response curves obtained were essentially similar to 
those which have been found in mammals 

3. The range of frequencies to which responses were obtained extended 
from below 100 c/s to just over 4000 c/s. 

4. Two thirds of the units studied could be inhibited by tonal stimuli. 
About one fifth of all units examined could not be excited under the 
conditions used, but their resting activity could be inhibited. 

5. At low frequencies the responses were usually, but not invariably, 
related to the phase of the stimulating sinusoid. 

6. The threshold of all units studied was consistently much lower for 
stimulation of the homolateral than of the contralateral ear. 

7. Observed rates of resting discharge were in general high. 

8. In spite of the considerable dissimilarity in the structure of the 
mammalian and avian internal ears, no striking differences, which could 
be attributed to this source, have been seen in the relative behaviour of the 


neural units. 
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In a paper on the delayed (‘recovery’) heat production of frog sartorius 
muscles, Hartree (1932a) described experiments at 0° C in nitrogen which 
appeared to show an absorption of heat lasting for about 40 sec after 
tetanic contractions of 1-5 sec duration. This ‘negative’ heat production 
amounted, on the average, to 3 °%, of the initial heat, varying from | to 5%. 
Six years earlier Furusawa & Hartree (1926), working with frog muscles in 
nitrogen at room temperature, had reported the frequent observation of 
early negative delayed heat after a short stimulus (0-05 sec or less); it 
amounted to 2-4 °, of the initial heat. After a longer stimulus (0-3 sec) 
it was absent. They were inclined to regard it as an error due to irregular 
distribution of the heat production, though they had taken precautions to 
avoid such effects by using a special thermopile making contact with both 
faces of the muscle. In view of the results of the present paper it seems 
likely that the effect they observed was genuine: but their doubt about its 
reality is shown by the fact that they did not mention it in the summary of 
their paper. Two years later Hartree & Hill (1928, p. 210) reported ‘in our 
experience there is never any negative heat’. Its possibility was in their 
minds, because Nachmansohn (1928) had just discovered that up to 30% 
of the phosphagen split during a tetanus was resynthesized in about 20 sec 
at room temperature in the absence of oxygen: and he claimed that no 
lactic acid was formed at the same time, a result shown 3 years later, by 
the work of Lundsgaard (1931) and of Lehnartz (1931), to be wrong. Had 
his result about lactic acid been correct there might have been a large 
negative heat: though it is not evident then where the free energy could 
have come from to drive the resynthesis of the phosphagen. 

Because of the special interest of his result, and because of previous 
doubts and failures with negative heat, Hartree examined the conditions 
of his experiments very critically. The negative heat was small and could 
possibly have been due to several errors that might have affected his 
measurements. He was able to discard any possible errors which could be 
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attributed to irregularities, if they occurred, in the distribution of heat 
within the muscles; the time course of the negative heat was much too 
long to be explained in this way. He was inclined to believe that it might 
be due to an error in his ‘heating control’ curves; this could be caused by 
a small change of weight of the muscle on the thermopile between the 
times (1) when the records of heat production were made on the living 
muscle and (2) when those of artificial electrical heating were made on the 
dead muscle after it had been killed by chloroform vapour. If the weight 
had been increased (e.g. by the absorption of water vapour due to increased 
osmotic pressure, or by slight shortening and thickening) the muscles would 
cool more slowly after electrical heating: then the analysis of the heat 
production in the living muscle would show an apparent absorption of heat. 

Hartree was the more inclined to accept this explanation of the effect 
observed, because he found it to occur equally in muscles adequately 
poisoned with iodoacetate, in which lactic acid is not produced. This 
seemed to eliminate the possibility that the apparent negative heat could 
be due to the restoration of creatine phosphate by means of the free energy 
of lactic acid formation. He was not really satisfied, however, with dis- 
missing, as a technical error, an effect he had observed so regularly and he 
returned to the subject in a later paper (Hartree, 19325), employing a new 
method of making his heating control curves. Instead of killing the 
muscles with chloroform and using an alternating current of low frequency 
for heating, he adopted a valve oscillator providing an alternating current 
of frequency high enough (100 ke/s) not to stimulate. With this the heating 
control could be made on the living muscles at any time during a series of 
records of the heat production due to stimulation. His previous obser- 
vations were entirely confirmed. In nitrogen at 0° C, after a 1 sec stimulus, 
there was negative heat production completed in 15-50 sec and varying 
from 1 to 8%, of the initial heat. After a long stimulus (e.g. of 10 sec) 
negative heat was not found: it was masked, Hartree surmised, by the 
onset of the usual positive delayed heat. 

Two years later Bugnard (1934), using an extremely accurate method 
with single twitches at room temperature of a muscle in nitrogen, obtained 
clear evidence of negative delayed heat. It amounted to about 4 %, of the 
initial heat and appeared in the first 15-20 see after the shock. In oxygen 
also Bugnard found signs, in the first 10-15 sec, of negative delayed heat. 
Both in oxygen and in nitrogen the negative heat was followed by the 
usual positive heat, which presumably cut it short. After single twitches 
the positive delayed heat, whether aerobic or anaerobic, comes on very 
slowly compared with that after even a short tetanus. That probably is 
why Bugnard was able to detect the negative heat at room temperature. 

The only other published reference to negative delayed heat is that by 

12-2 





180 A. V. HILL 


D. K. Hill (1940). But his observations were only incidental in an in- 
vestigation of the time course of the oxygen consumption, of the recovery 
heat and of the pH changes in muscles stimulated at 0° C. His results 
added nothing material to Hartree’s. 

The importance of Hartree’s and Bugnard’s results, if confirmed, in 
connexion with the thermodynamics of the chemical processes known, or 
supposed, to follow contraction made it desirable to examine the negative 
heat again; and in particular to find out whether this negative heat was 
uniquely characteristic of 0° C and lack of oxygen, or whether it occurred 
also, as Bugnard’s results suggested, in the presence of O, and at higher 
temperatures. Greater precision is possible today than with the thermopiles 
available to Hartree in 1932, particularly because of the valuable property 
of the present ones that the rate of heat loss of muscles lying on them is 
exponential: which means that the course of the delayed heat production 
can be calculated from the records, over long times, with greater accuracy 
and far less labour than earlier. 

The new examination of the negative delayed heat not only has con- 
firmed its existence at 0° C in the absence of oxygen, and the general 
description of it by Hartree, but has shown (1) that it occurs also at room 
temperature (15-20° C), and (2) that it is apparent at both temperatures 
in oxygen as well as in nitrogen; though in oxygen it is cut short and partly 
masked by the usual recovery heat. It is a general phenomenon, therefore, 
and must be taken into account in any discussion of the chemical events 
that occur after contraction and relaxation. 


METHODS 


Electrical heating controls. Measurement of the delayed heat production of muscle always 
requires the use of a ‘control’ curve made by electrical heating of the muscles lying on the 
thermopile exactly as they were for the records of the heat production due to stimulation. 
The only purpose today of these heating control curves is to provide the constant needed for 
an accurate allowance for heat loss: the rest of the analysis (i.e. the allowance for time lag 
in thermopile and galvanometer) is carried out by other means (Hill, 19496). The fall of 
temperature, after the initial heat production, is rapid, 2-5 %/sec in the larger muscles used, 
5% in the smaller ones. The former would reduce the initial rise of temperature within | min 
to 22 %,, the latter to 4-6 °, ; and there is no exact method of allowing for such heat loss except 
by making a heating control curve in every experiment. Before 1938 the allowance was very 
laborious, involving successive subtractions, as in the older form of analysis (see Hartree, 
1931, Appendix I1), over the whole period (minutes) in which the delayed heat appeared. 

With most of the thermopiles constructed since 1938, however, this labour is avoided by 
the fact that the fall of temperature of the muscles on them is accurately exponential (Hill, 
1939). The rate of heat loss is embodied in a single time constant, derived from the heating 
control, which can be applied to any heat record from start to finish. When the records of 
the heat produced by the stimulated muscles have been measured and tabulated, the rest 
of the operation, using this time constant, can be carried out with an adding machine. The 
final result is a set of numbers from which the true curve of heat production can be plotted. 





NEGATIVE DELAYED HEAT IN MUSCLE 181 


In order to ensure that the fall of temperature due to heat loss is accurately exponential 
the following precautions are needed: 
(1) The behaviour of the thermopile must be carefully examined: if the fall of temperature is 
not accurately enough exponential the thermopile should not be used for measuring delayed 
heat. 
(2) The part of the muscle lying on the thermopile should be as uniform as possible; if the 
cross-section varied, the heating current would produce differences of temperature along the 


muscles. 

(3) Special heating electrodes should be provided, lying between the muscles in the plane of 
the thermopile, several millimetres beyond its ends. The reasons for this are (a) that at the 
heating electrodes themselves the current lines are concentrated, so the rise of temperature 
there is greater than in the middle region of constant current density; and (b) in the regions 
of muscle beyond the electrodes no heat is produced by the warming current, though it is 
by stimulation. If the heating electrodes were too close to the active thermocouples these 
effects could produce serious errors. 

(4) The muscles should be mounted under a small tension at a length about equal to that 
(,) in the body. They behave most regularly at this length, and preliminary stimuli should 
be given to make them settle down to a constant position. They must be firmly fixed at 
each end, so as to avoid movement during contraction. In the present experiments strong 
threads from the tibial tendons were tied round a fixed cross-bar just above them, so that 
the least possible shortening could occur. 

(5) A frequency of 50 ke/s is high enough to avoid stimulation by the heating current, but 
not so high as to cause capacitative leaks and other troubles. It was obtained from an 
ordinary commercial oscillator. 

Thermopile. A drawing of the thermopile chiefly employed in the present work was given 
by Abbott, Aubert & Hill (1951, Fig. 1). The central stimulating electrode was not used, it 
was insulated. The two dummy thermocouples at each end, and the two stimulating elec 
trodes, help to side-track any disturbances that might be conducted from irregular tem 
perature changes at and beyond the heating electrodes. The best published drawing of a 
thermopile of the present type is in Fig. 2 of a paper by Hill (1938). One can see there how 
heating electrodes can be fixed a few millimetres beyond the stimulating electrodes (n) at 
each end: the clamp and the muscles then have to be displaced a few millimetres to the left. 

Galvanometer. The galvanometer used had a period of 22 msec and its deflexions were 
amplified photo-electrically and displayed on a cathode-ray tube (Hill, 1948). A fairly large 
amount of heat was produced by the muscles, from 7 to 40 x 10-* cal/g according to the 


temperature and the duration of stimulus; so considerable negative feed-back could be 


applied, increasing the speed of the galvanometer and stabilizing it. The galvanometer, 
indeed, was so fast that for the purposes of the work described here no allowance for lag was 
needed. To get greater long-term stability the 12 V lamp was used with 9 V, and the heaters 
of the head amplifier each with 4-5 V: the voltage was maintained constant by occasional 
adjustment with a rheostat. 

Recording. The amplified deflexion of the galvanometer was displayed on the screen of a 
cathode-ray tube whose beam was modulated to give spots at intervals of 0-02—1-0 sec (as 
required). During heat production successive sweeps fell clear of each other, and so could all 
be recorded photographically upon a single piece of stationary sensitive paper 10-8 cm x 8-3 
em in size. This is convenient for measurement and storage, and the deflexion of any spot up 
to 75 mm was measured to 0-1 mm. The end of the stimulus was indicated by diminished 
brightness of the spot from this moment, and the base line was drawn by a single sweep 
immediately before the record was taken. 

Muscles. A pair of sartorius muscles was used, from frog (Rana temporaria) or toad (Bufo 
bufo). Rather large muscles, up to 300 mg the pair, are better than smaller ones, because 
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their temperature falls more slowly, so the allowance for heat loss is relatively less; though 
muscles of 150 mg the pair give quite satisfactory results. 

Stimulation was maximal, by means of short condenser discharges (about 0-2 msec) of 
frequency high enough to give a just complete tetanus. 

The Ringer's solution used contained (mm) NaCl 115-5, KCl 2-5 and CaCl 1-8. It was 
buffered at pH 7-0 by phosphate 3-0 mm. 

Thermostat. The thermopile, with its cover on, was sunk deep in a large double-walled 
vacuum flask (capacity 61.), filled either with water or with a mixture of water and ice, 
which was kept vigorously stirred by bubbling. 

Nitrogen. No special precautions were necessary to ensure freedom from oxygen, since 
oxygen-free nitrogen is now supplied commercially. Usually the muscles, mounted on the 
thermopile, were kept for some time in oxygen-free Ringer's solution, with nitrogen bubbling 
through it, before the fluid was replaced by nitrogen. 

inalysis of heat records. No analysis was usually needed, except the allowance for heat 
loss, at any time later than 1-2 sec after the end of relaxation. By then the thermopile 
has reached the temperature of the muscles. For an accurate determination of the early 
heat production, particularly at higher temperatures, an analysis is required to allow for 
delay in the transfer of heat from muscle to thermopile. When this was necessary it was 
carried out by the method of ‘factors’ described in earlier papers (Hill, 1949a, b). 

Oamotic effect on base line. When a muscle is stimulated in the absence of oxygen the 
break-down products of activity accurnulate in it and ita vapour pressure falls: so water 
distils over to it from elsewhere and causes, by condensation, a continuing production of 
heat (Hill & Kupalov, 1930). The base line, therefore, shifts in a positive direction. If not 
allowed for this can cause a substantial error when the delayed anaerobic heat is measured 
over a long period. The effect, however, was small in the times involved in the present experi- 
ments, and would be in the positive, not the negative, direction. 


RESULTS 
Ato’Cc 


In Fig. 1 are two curves of deflexion representing the heat produced, 
during and after contraction at 0° C, by a pair of toad sartorii. Details are 
given in the legend. The records were continued to show the early stages of 
the recovery heat, aerobic or anaerobic. Curve A is for the muscles in O,, 
curve B for the same muscles in N, 57 min after O, had been removed. 
This was the first stimulus in N,. The base lines are different, and are a long 
way below the figure. The deflexions plotted are millimetres as recorded, 
but corrected for heat loss. The sensitivities are stated in the legend. Only 
the last stage of the initial upward deflexion is shown in either case. In 
toad muscles at 0° C relaxation is not complete until 2 sec after the last 
shock, and the deflexions were within 0-4 mm of their maxima by 1 sec 
later. 

After the maxima the corrected deflexions fall, reaching minima in 
about 37 sec in O,, in about 57 sec in N, (reckoning from the beginning of 
stimulation). These times are so long that the fall could not be due to 
inequalities, within the muscles, in the spatial distribution of the heat pro- 
duced during contraction and relaxation. Equalization of temperature 
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would not take more than about 2 sec, if such inequalities occurred (see 
below). In both cases the fall was clearly cut short by later positive heat 
production, in O, (A) by the usual oxidative recovery heat, in N, (B) by 
the smaller and slower delayed anaerobic heat. The negative heat in O, 
was 5 °%, of the initial heat, in N, 6-4 °, of the initial heat. The experiment 
was continued with later stimuli in N,; all the results in N, are given in 
Table 1. 
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Fig. 1. Final stage of initial heat production at 0° C, followed by negative heat. 
Toad sartorii, in O, (A) and in N, 57 min (B). 3 sec tetanus, 10 shocks/sec. 

A. Seale of deflexion on right, 1 mm = 0-16 x 10~* cal/g. Initial heat to max. = 
10-4 x 10~* cal/g muscle: negative heat to min. = 0-53 x 10~* cal/g muscle. 

B. Scale of deflexion on left, 1 mm = 0-148 x 10~* cal/g. Initial heat to max. = 
10-65 x 10~-* cal/g muscle: negative heat to min. = 0-68 x 10~* cal/g muacle, 


Tasie 1. Negative delayed heat at 0° C after various periods without oxygen 


Time without O, (min) 57 65 84 100 110 
Stimulus duration (sec) 3 3 3 8 s 
Initial heat (10~* cai/g muscle) 10-65 9-74 9-52 17-6 16-8 
Negative heat (10-* cal/g muscle) 0-68 0-67 0-65 0-81 0-73 
Negative heat ( %, of initial) 6-4 6-9 6-8 46 44 


A similar experiment was made (in oxygen only) at 0° C on another pair 
of toad sartorii, with different durations of stimulus. All showed negative 
heat production after the initial maximum, but this was cut short by the 
oxidative recovery heat more and more as the duration of stimulus was 
increased. See Table 2. The time to the minimum is reckoned from the 
start of the stimulus. If it were reckoned from the end of the stimulus there 
would be a substantial decrease with longer stimuli. It has long been 
known (since Hartree & Hill, 1922; see also Hartree, 1932a) that the 
recovery heat production is relatively more rapid after a greater initial 
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heat production ; so the negative heat is cut off sooner by the positive heat 
after a longer stimulus. 

Although calculation had shown (see also below, p. 187) that any in- 
equalities of temperature produced in a muscle during contraction and 
relaxation would be evened out by conduction within 1-2 sec, it was con- 
ceivable that some unknown factor had been neglected in the calculation. 
A few experiments, therefore, were made with single muscles, in which 
after a few records had been obtained the muscle was reversed on the 
thermopile and the records repeated. When a pair of muscles is used, the 
outer surface, on which the epimysium lies, is bound to be in contact with 
the thermopile. It was possible that the inner fibres, usually outside on the 
thermopile, might somehow behave differently from the outer fibres, 


TABLE 2. Negative delayed heat in O, at 0° C with various durations of stimulus 


Duration of stimulus (sec) 2 3 4 s 


Initial heat (10~* cal/g muscle) 9-0 | 2-4 19-8 
Negative heat (10~* cal/g muscle) 0-39 “3 “2! 0-14 
Negative heat (% of initial) { 4-3 3: O7 
Time to minimum (sec) ‘ 25 23 


normally in contact with the thermopile. The experiment shown in Fig. 2 
was performed in QO, at 0° C, on a single large sartorius of a frog with 1-2 sec 
tetanus. First, two records were made with the muscle arranged in the 
usual way: then a heating control was recorded. Next the thermepile was 
taken out of the thermostat and the muscle was reversed; when tem- 
perature equilibrium had been restored two more records were made, and 
finally another heating control. 

The two records of the heat production with the epimysium inwards 
were averaged and corrected for heat loss. So were the two records of the 
heat production with the epimysium outwards. The results, in this experi- 
ment, were in fact nearly the same with the muscle one way round and 
the other: they were finally averaged and are shown in Fig. 2. Curve A 
gives the whole deflexion, from the start to 25 sec; curve B gives the later 
part of the deflexion, on ten times the scale, but at the same times. The 
negative heat occurred as usual; the minimum was at about 18 sec, after 
which the oxidative recovery heat began. The negative heat was 0-37 x 10-% 
cal/g muscle, about 5-8 °%, of the initial heat. 

In some experiments at 0° C in O, the minimum was considerably earlier, 
and the negative heat was correspondingly less; in these the recovery heat 
had evidently begun sooner, and had partly masked the negative heat. In 
one such experiment the negative heat in N, was several times as great as 
in O,, because the positive delayed heat came on much more slowly in N, 


than in QO. 
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Fig. 2. Initial heat production at 0° C followed by negative heat. Single sartorius 
of frog in O,. The deflexion, corrected for heat loss only, is the mean of 4 records, 
2 with the outer surface of the muscle in contact with the thermopile, 2 with the 


inner surface. 1-2 sec tetanus. A shows the whole deflexion from the start to 
25 sec, B shows the later portion only, on 10 times the scale; times are the same 
for both. Scale of deflexion, A on the left, B on the right: 1 mm = 0-086 x 10-* 
cal/g muscle. Initial heat to max. = 64x 10-* cal/g muscle: negative heat to 


min. = 0-37 x 10-* cal/g muscle, 


At room temperature 


In eight experiments with muscles in O, at temperatures from 16 to 
20° C, with short stimuli, the negative heat was clearly present; but 
(reckoned as a fraction of the initial heat) it was smaller than at 0° C and 
was evidently being cut short by the earlier development of the positive 
recovery heat. In other experiments there was little sign of negative heat 
and with longer stimuli (1-2 see and above) it never appeared. But the 
initial heat, with a 1-5 sec stimulus at 18° C, is rather large, usually about 
50 x 10-* cal/g in frog muscles, about 30 x 10-* cal/g in toad muscles: so 
the positive recovery heat, the early rate of which increases more than in 
proportion to the initial heat, becomes too strong to allow the negative 
heat to appear. In twelve contractions with stimuli from 6-2 to 1-0 sec the 
negative heat varied from 0-1 to 1-4 x 10~* cal/g muscle, from 0-9 to 3-8 %, 
of the initial heat: it was complete (or cut short by the recovery heat) in 
times, reckoned from the last shock, of 1-8 see for the longer stimuli to 
9-0 sec for the shorter ones. 
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Figure 3 shows the negative delayed heat in two of these experiments, 
A in frog muscles at 16-7° C, B in toad muscles at 16-8° C. Details are given 
in the legend. In each experiment the last shock was marked on the record 
and the deflexion was analysed in units of 0-04 sec. In A the negative heat 
was 3-8 %, of the initial heat, in B 3-5°%. In the same experiment as A 
a later contraction with a 1 sec stimulus gave negative heat 1-4 x 10-° 
cal/g muscle (3-7 °,), but two contractions with 2 and 4 sec stimuli gave 
practically none. 
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Fig. 3. Final stage of initial heat production in O, at room temperature, followed 
by negative heat. 

A: frog sartorii, 16-7° C, isometric tetanus, 25 shocks, last shock (a) at 0-48 sec. 
Peak of relaxation heat (c) at 0-58 sec. Negative heat half complete (d) at 2-0 sec. 
Time marking below: scale of analysed deflexion on right, 1 mm = 0-382 x 10-* cal/g 
muscle. Initial heat to max. = 26-1 x 10-* cal/g muscle: negative heat to min. = 
1-03 x 10°? cal/g muscle. 

B: toad sartorii, 16-8° C, isometric tetanus, 15 shocks, last shock (a) at 0-56 sec. 
Tension had fallen to zero (b) by 0-86 sec. Peak of relaxation heat (c) at 0-71 sec. 
Negative heat half complete (d) at 1-89 sec. Time marking above: scale of analysed 
deflexion on left, 1 mm = 0-137 x 10-* cal/g muscle. Initial heat to max. = 10-7 x 10-* 
cal/g muscle: negative heat to min. = 0-37 x 10-* cal/g muscle. 


In the past, when negative deflexions were observed after the initial 
maximum one was inclined to attribute them to inequalities, within the 
muscles, of the spatial distribution of the heat produced during contraction 
and relaxation. That such irregularities can occur was clearly shown by 
Hill & Howarth (1957), particularly during relaxation under large isotonic 
loads: and they are very evident in records of the heat production in iso- 
metric contractions with submaximal stimuli. Relaxation can be very 
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sudden, and if in one part of a muscle it began slightly earlier than in another 
the latter would be left bearing the tension, and a disproportionate amount 
of the elastic energy, built up during contraction, might appear as heat in 
that part. The fibres near the outer (skin) surface of the frog sartorius are 
smaller than those elsewhere (Hill, 1949, Pl. 8, fig. 1, and p. 234) and if 
they relaxed later than the rest they would get an undue proportion of the 
relaxation heat. The possible effect on heat records of such an uneven 
distribution of heat in a muscle at the end of contraction and relaxation 
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Fig. 4. To show the calculated fall of temperature of the inner surface of a muscle 
0-742 mm thick after instantaneous heating of the inner 0-707 mm only, the outer 
0-035 mm not being heated, except by later conduction of heat from the inner 
region. Initial temperature of the inner surface 1-05 (arbitrary scale): final tem- 
perature throughout 1-00. 


was discussed quantitatively by Hill (1938, p. 149 and Fig. 4). The maxi- 
mum delayed effect on a record would occur if a thin layer in the region of 
the muscle furthest from the thermopile produced no heat at all, and 
Fig. 4 in that paper gave a curve calculated for the hypothetical case of a 
muscle in which only the inner 10/11 of its cross-section produced heat. In 
a muscle 1-1 mm thick there would then be a 9-1 %, fall of temperature at 
the surface of the thermopile, completed in a few seconds. 

At 0°C negative heat production certainly occurs after contraction: 
but at higher temperatures it was necessary to look critically at the possi- 
bility that its appearance could be due to an error of the kind just described. 
For this purpose the curve of Fig. 4 was calculated for the case of a pair of 
muscles each 0-742 mm thick, which was about the thickness of the muscles 
used for the experiment of Fig. 3A. The constant k for heat conduction in 
muscle was taken as 1-25 x 10-* (Hill, 19495, p. 231). Figure 4 represents 
an extreme example of uneven distribution, namely that of muscles in 
which an outermost layer, only 5°, the thickness of the rest, failed to 
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produce any heat. If the middle 5 °% of the same muscles produced no heat, 
the subsequent fall at the surface would be about four times as quick. 
The application of Fig. 4 to the curve of heat production in Fig. 3A is 
made as follows. The heat most likely to be unevenly distributed is that 
which occurs very suddenly in relaxation; and anyhow this is the latest 
contribution to the heat, so its uneven distribution would have the greatest 
effect later. The maximum rate of relaxation heat occurred at about 0-58 
sec. If none of this heat appeared in the outermost 5°, of the muscle, the 
temperature of the inner surface would fall (according to Fig. 4) half way 
to its final value in a further 0-64 sec, i.e. in 1-22 see from the start. In 
Fig. 3A the deflexion was still near its maximum at this time; it fell half 
way to its minimum only 0-8 sec later. In spite, therefore, of the extreme 
assumption made in the calculation, the fall of the deflexion after the 
maximum cannot be attributed to an uneven distribution of the heat. 
The quantitative argument applies with even greater force in the case 
of muscles thinner than those of Fig. 3.4. The time scale of the curve of 
Fig. 4 depends on the square of the thickness of the muscles, so for muscles 
of thickness a mm the times should be reduced in the ratio (a/0-742)?. In 
the experiment of Fig. 3B the muscles were each 0-55 mm thick, so the 
times should be reduced in the ratio (0-55/0-742)? = 0-55. The curve then 
of Fig. 4 would fall to one half in 0-35 sec. The negative heat in this con- 
traction had scarcely begun at 0-35 sec after the peak of the relaxation 
heat; it reached half its full value only in about 1-18 sec from then, instead 
of 0-35 see. Again, therefore, the time relations of the negative heat are 
much too long to be explained by an uneven spatial distribution of the 


relaxation heat. 

It seems safe, therefore, to conclude that the early negative heat observed 
at higher temperatures is a genuine phenomenon, as it obviously is at 0° C. 
It is more difficult to observe with certainty at higher temperatures and it 
is cut short more quickly by ensuing positive heat production, particularly 
in the presence of oxygen. But it clearly is part of a general phenomenon, 
not, characteristic only of 0° C and lack of O,. 


The effect of todoacetate on the negative delayed heat 


In order to confirm, by present methods, Hartree’s results (1932a@) on 
the continuing presence of the negative delayed heat after poisoning with 
iodoacetate (LAA), the experiments of Table 3 were made at 0° C in N, on 
toad sartorii. In each experiment the muscles, mounted on the thermopile, 
were given a preliminary soaking in ordinary oxygenated Ringer’s solution 
at room temperature. Then at time zero the solution was changed for one 
containing iodoacetate (neutralized to pH 7), through which oxygen 
bubbled. At about 60 min the thermopile chamber was placed in the 
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thermostat at 0° C, at 110 min nitrogen was bubbled through the solution, 
at 140 min the solution was replaced by nitrogen and at 180 min the first 
stimulus was applied and a record made of the heat production. After 
that successive records were taken at intervals of 10-15 min. Finally, the 
temperature was raised to that of the room and a succession of shocks 
was applied in order to verify that the characteristic contracture of 
IAA poisoning set in. 

The only analysis necessary for the records was to make the allowance 
for heat loss. When this had been done the corrected deflexion was found 
to remain steady for a second or two after the muscle had relaxed; then 
it began to decrease, reaching a minimum in about a minute, after which it 
started to increase slowly. 


Tas_e 3. The effect of iodoacetate on the negative heat of muscles at 0° C in N, 


Expt. no. l y 3 
Stimulus (sec) 3 i 3 3 
1AA concentration 1/25,000 1/25,000 1/15,000 1/15,000 


Number in series 4 5 4 5 ; 5 7 2 9 
Initial heat (10-* cal/g 

muscle) 86 83 ‘7 13-7 123 12:1 8&8 79 60 63 72 59 
Negative delayed heat (%) 7-9 11-4 72 36 40 44 46 39 40 40 47 
Complete in (sec) 60 7 § 70 60 60 6 4 50 55 60 60 


Table 3 shows that the negative delayed heat appeared in every con- 
traction ; in experiment | it was rather large. This confirms Hartree’s con- 
clusions, though the quantity of negative delayed heat observed in the 
present experiments is somewhat greater than he found. 

In every one of the twelve contractions reported in Table 3 the negative 
deflexion was followed by a slow positive one, which was already obvious 
at 80-90 sec. If this later positive deflexion in the poisoned muscles were 
really due to the same cause as the usual positive anaerobic delayed heat, 
it would be impossible to explain the latter in the accepted way as the net 
thermal effect of the resynthesis of creatine phosphate with free energy 
supplied by the production of lactic acid. One was reminded, however, of 
the statement by Cattell, Feng, Hartree, Hill & Parkinson (1931, p. 298), 
on the anaerobic delayed heat of muscles poisoned with iodoacetate and 
stimulated at room temperature, that ‘spontaneous heat production 
occurred in nitrogen too early to allow a reliable end to the heat record, 
even after the first stimulus’. Hartree also had found (1932a, p. 285), at 
0° C, that ‘for later stimuli there was a conspicuous progressive change 
due to subsequent positive heat occurring earlier and at a higher rate’. 
Moreover, Lundsgaard (1934) found that in muscles poisoned with iodo- 
acetate at 0-2° C creatine phosphate continued to be split for some time 
after a 25 sec tetanus. A few experiments were made at room temperature 
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in the same way as those reported above for 0° C. At 13-3° C with 1/15,000 
iodoacetate no negative delayed heat was found : the heat deflexion due to a 
stimulus was unsteady and there was a large positive shift of base line 
which must have been due to a permanent increase in the rate of heat pro- 
duction. In two experiments at 12-6 and 13-1° C with 1/25,000 iodoacetate 
there was clear evidence of negative delayed heat production, but it was 
obviously cut short by a large ensuing positive one: and after later con- 
tractions the delayed heat production was positive and persisting. In one 
experiment at 14° C with 1/30,000 iodoacetate there was a large positive 
shift of the base line, even after the first stimulus. 

In view of these results at room temperature it seems rather likely that 
a similar permanent change in the resting heat rate took place at 0° C, too 
small easily to detect and occurring stepwise after each contraction. This 
does not at all invalidate the conclusion that a negative delayed heat pro- 
duction occurs after contraction in muscles poisoned with iodoacetate ; 
indeed the reverse, for a small permanent increment in heat rate following 
each stimulus could only tend to mask the negative delayed heat, which 
may really have been greater than calculated. But the effect deprives us 
of any direct answer to the question of whether positive delayed anaerobic 
heat of the usual kind can occur in a poisoned muscle. 


DISCUSSION 


The negative delayed heat is rather small, though—as seen above— 
easily measurable. At 0° C, where it is not so quickly cut off by the positive 
delayed heat, it may reach a value of nearly 10~* cal/g, though usually it 
is less. This, however, may not be a true measure of the extent of the 
chemical reactions involved. It is possible that the observed heat absorp- 
tion is the result of a coupled reaction in which the process 


A+B 


occurring during contraction, with heat production h,, is reversed by the 
free energy supplied by another reaction occurring later, 
C+D 

the heat production of which is h,. The net heat absorption in the two 
reactions together would be (h, —h,). If this were small compared with h, 
or h, the extent of the chemical reactions involved might be considerably 
greater than one might infer from the magnitude of the difference (h, —h,). 
In looking, therefore, for a chemical explanation of the negative delayed 
heat it would be reasonable to consider processes which separately could 
provide heat up to, say, 5 x 10-* cal/g. 

If this heat came from the splitting of phosphate from some known, or 
unknown, organic precursor with a heat production of 5000 cal/mole, the 
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amount of phosphate produced would be 1 umole/g muscle, and this 
should be detectable by present chemical methods. That at least gives the 
order of size of the changes to be sought, namely fractions or small 
multiples of 1 uzmole/g muscle. 

All recent chemical evidence is against the possibility that at the end 
of a short contraction in a normal muscle any net break-down of adenosin 
triphosphate (ATP) has occurred (Fleckenstein, Janke, Davies & Krebs, 
1954; Mommaerts, 1954, 1955; Fleckenstein & Janke, 1957); while the 
experiments of Carlson & Siger (1960), with frog sartorii poisoned with 
0-5 mm (1/11,000) [AA at 1—-2° C, gave convincing evidence that no reduc- 
tion of ATP had occurred when the muscles were frozen about 30 sec after 
the end of a short series of twitches and then analysed. Moreover, the 
experiments of Fleckenstein, Gerlach, Janke & Marmier (1960) suggested 
that ‘the increased O* incorporation, at least into ATP and creatine 
phosphate, was more correlated with metabolic reactions in recovery. . . 
than with the contraction process itself’. The possibility also that creatine 
phosphate continues to be split after a contraction is eliminated by such 
experiments as those of Nachmansohn (1928), of Meyerhof & Nachmansohn 
(1930) and of Lehnartz (1931), who showed, on the contrary, that a con- 
siderable resynthesis occurs in 20 or 30sec at room temperature. The 
delayed creatine phosphate break-down found by Lundsgaard (1934) was 
in muscles poisoned by iodoacetate: no evidence exists that it occurs in 
normal muscles. Finally, present thermochemical data suggest that in 
living muscle the heat of the reaction CrP + ADP-Cr+ ATP is positive 
and fairly large, not negative. According to Carlson & Siger (1960) the 
‘physiological heat of hydrolysis’ of CrP in frog muscle at 1—2° C lies 
between 9-6 and 11-5 kcal/mole: while the calculations of Bernhard (1956), 
based partly on the heat measurements of Podolsky & Morales (1956), 
gave 3-6 kcal/mole as the total heat produced in mammalian muscle by 
the splitting of ATP to adenosine diphosphate (ADP) at 37° C. Admittedly 
the conditions were very different in these two cases, but it is hard to 
believe that the physiological heat of splitting ATP in frog muscle at 0° C 
could be three times as great as in mammalian muscle at 37° C. 

Altogether, therefore, it is impossible to attribute the negative delayed 
heat to a delayed synthesis of ATP by means of the free energy supplied 
by creatine phosphate hydrolysis. The appearance equally of the negative 
delayed heat in muscles poisoned with iodoacetate shows that it cannot be 
due to the resynthesis of creatine phosphate either by means of the free 
energy supplied by lactic acid formation, or in the reaction suggested by 
Meyerhof & Schulz (1935), 


phosphopyruvic acid + creatine creatine phosphate + pyruvic acid, 
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of which the heat of reaction is negative (about — 3000 cal/moie). The 
possibility exists that phosphopyruvic acid might appear in poisoned 
muscles by some process outside the normal chain of anaerobic break- 
down of carbohydrate, but even so there is no chemical evidence that 
creatine phosphate is restored in such muscles in the absence of O, 
rather the contrary, as Lundsgaard (1934) found. 

It seems, therefore, that none of the processes at present known in the 
chemistry of muscle can be invoked to explain the delayed negative heat. 
Fleckenstein et al. (1954) produced evidence that ‘inorganic phosphate was 
liberated during contraction from an unidentified precursor’, and this 
might conceivably provide the key to the riddle. That unknown substances 
are liberated in muscles stimulated to fatigue was pointed out long ago by 
Hill & Kupalov (1930): they found that only 80%, of the fall of vapour 
pressure caused by stimulation to fatigue could be accounted for by known 
chemical bodies produced. This conclusion was confirmed by Meyerhof 
(1930), and by Meyerhof & Grollman (1931), measuring the depression of 
freezing point; also by Hill & Parkinson (1931) with muscles poisoned with 
iodoacetate ; and it was emphasized again by Hill (1950). Nothing has been 
discovered in the last 30 years to fill this admitted gap in our knowledge 
of the chemistry of muscle. Perhaps the difficulty of explaining the 
negative delayed heat may provoke further experiments to fill it. 

But another possibility exists, of quite a different kind, which ought to 
be discussed. When a muscle is stimulated at any but a very high external 
pH, the splitting of creatine phosphate produces a rise of pH in its interior. 
In itself a rise of pH, leading to an increased ionization of protein and other 
weak acids, would cause an absorption of heat. If the rise of pH could 
occur later than the splitting of creatine phosphate that caused it, the 
positive heat of the latter would be followed by the negative heat of the 
former: otherwise the second would mask the first and no negative heat 
would appear. But the alkalization of the interior of a muscle might be 
expected to occur immediately after the splitting of creatine phosphate, 
not during the next 60 see (cf. Fig. 1B for the negative delayed heat at 
0° C). Nevertheless, though unlikely, it is conceivable that the creatine 
phosphate might be split in some highly localized region, around which a 
diffusion barrier of some kind might only gradually allow its products to 
affect the general pH. Against this must be counted the fact that the 
delayed negative heat appears much more quickly at a higher temperature, 
which is inconsistent with simple diffusion. It is a fact, however, as shown 
in recent experiments by Distéche (1960), using a developed form of 
Dubuisson’s glass-electrode system, that the pH of a muscle continues to 
rise for some time after a tetanus or a rapid series of twitches. At a tem- 
perature near 0° C the pH of a frog sartorius in contact with the glass 
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electrode went on rising after contraction for times recorded up to half a 
minute and had not ceased then (see his figures 63, 65, 68, 69). Earlier 
figures in Distéche’s paper showed a similar effect in tortoise muscles, It 
seems extremely unlikely that this continuing rise of pH could be due to a 
continued splitting of creatine phosphate, for there is no evidence that this 
ever happens in a normal muscle: and if it did it would not solve the 
present problem, for then there would be a production, not an absorption, 
of heat. 

Kither therefore the splitting of creatine phosphate during contraction 
affects the general pH of a muscle only gradually, a rather unlikely 
hypothesis, or some unknown chemical reaction is involved. Without more 
chemical evidence it is impossible to decide between these alternatives, or 


about the origin of the delayed negative heat. 


SUMMARY 

1. The early delayed absorption of heat following a short contraction, 
described by Hartree in 1932, has been re-examined. 

2. It occurs in the presence as well as in the absence of oxygen, and at 
room temperature as well as at 0° C. 

3. It is cut short by the ordinary positive delayed heat, aerobic or 
anaerobic, that follows it. 

4. It may be as large as | meal/g muscle after a short contraction, or 
5-10 °, of the initial heat. 

5. In the absence of oxygen, at 0° C after a short tetanus it may con- 
tinue for 50-60 sec: after a long tetanus it is masked by the anaerobic 
delayed heat coming on earlier. At a higher temperature it is over sooner, 
as it is in the presence of oxygen. 

6. It occurs equally in muscles poisoned with iodoacetate. 

7. It is not possible to explain it in terms of chemical reactions known 
as yet to take place after contraction. 

8. It may be associated with the rise of pH recently observed by 
Distéche to occur gradually after a series of twitches or a tetanus. 

My thanks are due to Mr R. C. Woledge for his skilled assistance, during his tenure of a 
M.R.C. scholarship. 


APPENDIX 
By R. C. WoLEeDGE 


The experiments reported in the preceding paper by Hill were made 
during the months of August to December. Additional evidence for the 
negative delayed heat has now been found in a series of experiments made, 


for another purpose, during May with the sartorii of spring frogs. In these 
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experiments records were made of the heat production in oxygen during 
and after tetani of various durations, at 0° C and at 17°C. At 0° C the 
negative delayed heat was similar to that found with autumn frogs. But, 
unexpectedly, the absorption of heat after a tetanus at 17° C was some- 
times larger and more prolonged than with tetani of the same duration in 
the earlier series of experiments. There appears to be a seasonal difference 
in the metabolic processes of spring frogs which either increases the 
intensity of the negative delayed heat or slows the onset of the positive 
recovery heat which tends to mask it. 

The results of one experiment, in which the negative heat was parti- 
cularly large, are given in Table 1, which shows the amount and time 
course of the negative heat observed after tetani of various durations. 
‘Half time’ means the time from the end of the tetanus to the half com- 
pletion of the observed negative deflexion; ‘minimum’ is the time to 
completion of the deflexion. 


TaBie 1. Negative delayed heat in O, at 17° C with various durations of tetanus 


Tetanus duration (sec) 0-2 , 0-8 “6 3-2 
Initial heat (meal/g) 13-9 9-3 32-4 -f 97-0 
Negative heat (mcal/g) 0-84 “f 2-0 . 0-6 
Negative heat as %, of initial 6-1 . 6-0 3-6 0-6 
Half time (sec) 20 . 1-7 “% 1-0 
Minimum (sec) +) 8 2 


The thickness of each muscle in this experiment was 0-67 mm. The curve 
of Fig. 4 in the preceding paper can thus be applied in this case by multi- 
plying the times by 0-75. Its application shows that any unevenly pro- 
duced heat would have distributed itself within about | sec. The maximum 
rate of relaxation heat at 17° C comes about 0-1 sec after the last shock, so 
that any effect of its uneven distribution would be over by 1-1 sec after 
the last shock. In the shorter tetani the negative heat was only beginning 
at this time. 

In another experiment (at 16-5° C) the quantities of heat absorbed after 
the end of the tetani were about 70°%, of those in the experiment just 
referred to, but the records were not continued long enough to observe the 
end of the heat absorption. Again there was a definite negative heat after 
a 1-6 sec tetanus and some sign of heat absorption even after a 3-2 sec 
tetanus. In a third experiment the greatest negative heat was 2-1 °, (after 
a 0-8 sec tetanus), there was a heat absorption of 0-9°%, after a 1-6 sec 
tetanus but none after a 3-2 sec tetanus. In one further experiment there 
was no sign at all of the negtive heat. 

The negative delayed heat at room temperature is evidently a rather 
variable phenomenon, as was stated in the preceding paper. But it is clear 
that, at room temperature, the heat absorption is sometimes particularly 
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evident in the muscles of spring frogs. These observations make it even 
more certain that the negative delayed heat really is a general phenomenon 
occurring both at 0° C and at room temperature, in oxygen as well as in 
nitrogen. Doubtless even better evidence of the effect at room tempera- 
ture, were that required, could be obtained by making the experiments in 
nitrogen, when it would not be masked by the onset of the oxidative 


recovery heat. 
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There is now good physiological evidence for the presence of baroreceptor 
endings in the wall of the extrapulmonary parts of the pulmonary artery 
of the cat (Swan & Whitteridge, 1956; Bianconi & Green, 1959) and the 
dog (Coleridge & Kidd, 1960a; Coleridge, Kidd & Sharp, 1961). 

The present study is an attempt to define the relationship between the 
impulse activity recorded from the afferent vagal fibres of these receptors 
and the pressure in the pulmonary artery. A preliminary report has already 
been published (Coleridge & Kidd, 19600). 


METHODS 


Experiments were performed on dogs anaesthetized with chloralose (0-08 g/kg intra- 
venously) or, after premedication with morphine sulphate (3 mg/kg subcutaneously), with 
0-25 ml./kg (intravenously) of a 1:1 mixture of Dial Compound (allobarbitone-urethane, 
Ciba) and sodium pentobarbitone (Nembutal, Abbott Laboratories Ltd.) solutions. 

A tracheal cannula was inserted and the lungs were ventilated by a Starling ‘Ideal’ pump. 
The sternum was split in the mid line. Ligatures were placed loosely round the inferior 
vena cava just above the diaphragm, the origin of the main pulmonary artery and both 
lung roots. 

Pulmonary arterial pressure was recorded by an optical manometer (Coleridge & Linden, 
1954; membrane 0-003 in. (0-076 mm) thick, diameter 9mm) connected to a wide-bore 
metal cannula inserted into the central end of one of the hilar branches of the pulmonary 
artery. The natural frequency of the system with cannula, lead tubing and cock attached 
was 120-150 c/s. Respiration was recorded with an optical manometer attached to a side 
arm on the tracheal cannula. 

Action potentials were recorded from pulmonary arterial baroreceptor fibres dissected 
from the right or left cervical vagus nerves. Details of the recording techniques and methods 
of identification of pulmonary arterial baroreceptors have been described previously 
(Coleridge & Kidd, 1960a; Coleridge et al. 1961). 

Alterations in pulmonary arterial pressure were brought about by infusing blood, saline 
(NaCl, 0-9 g/100 ml.) or dextran (6 g/100 ml., in NaCl solution 0-9 g/100 ml.; ‘Dextraven’, 
Benger Laboratories Ltd.) at body temperature into the femoral vein, or by bleeding the 
animal from a femoral artery. The pressure was also varied by occlusion and release of the 
inferior vena cava. 

The relationship between baroreceptor activity and pulmonary arterial pressure was also 
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examined after the pulmonary artery (the main pulmonary trunk and the main right and 
left branches) had been isolated from the rest of the circulation. The fibre from a pulmonary 
arterial baroreceptor was retained on the recording electrodes and the animal was rapidly 
bled to death. The right ventricle was opened. A wide-bore cannula was inserted through 
the ventricle into the main pulmonary artery and secured by a ligature; the cannula was 
then connected via a cock to a pressure bottle filled with 0-9, NaCl. All lobar arteries were 
ligated, except the vessel from which the pressure in the pulmonary artery was recorded. 
The pressure in the isolated artery could then be raised by opening the cock. A pulsatile 
pressure was obtained by squeezing the rubber tubing leading from the pressure bottle to 
the cannula. The experimental observations were completed within a few minutes of arrest 
of the circulation, but alterations in impulse activity could be produced by varying the 
pressure in the isolated artery for more than 30 min after death of the animal. 


RESULTS 


Observations were made on eleven afferent vagal fibres in which the 
impulse activity was reduced or abolished when pulmonary arterial 
pressure was lowered by occlusion of the origin of the main pulmonary 
artery, and increased when the pressure was raised by occlusion of the 
lung roots. In each experiment mechanical stimulation of the vessel wall 
with a fine probe, after death of the animal, confirmed that the receptor 
endings were situated in the extrapulmonary parts of the pulmonary artery. 
Impulse activity in these fibres showed the familiar pattern associated 
with arterial baroreceptors (Fig. 1). The discharge began 80-140 msec after 
the Q wave of the e.c.g. as the pressure in the pulmonary artery approached 
its systolic peak, and continued into early diastole. 


Effect of alterations in pulmonary arterial pressure 


In ten of the eleven fibres examined the discharge synchronous with 
the systolic pressure pulse in the pulmonary artery gradually diminished 
and finally disappeared when pulmonary arterial pressure was lowered 
progressively by occluding the inferior vena cava (Fig. 2) or by bleeding 
the animal (Fig. 3). Impulse activity returned when the pressure was 
restored. In this way it was possible to determine the threshold of the 
receptors, i.e. the minimum pressure (systolic/diastolic) which was effective 
in eliciting a single impulse during ventricular systole. 

The records depicted in Fig. 2 illustrate the effects produced by occlusion 
and release of the inferior vena cava. The vessel was occluded between 
A and B and the discharge was abolished. Record B was taken as the 
occluding ligature was slowly released. In the first pulmonary arterial 
pressure pulse (20/13 mm Hg) in B the receptor was silent during ven- 
tricular systole. In the second (24/9 mm Hg) and third (24/11 mm Hg) 
cycles a single spike can be seen at the peak of the pressure pulse; there- 
after the discharge increased as the pressure rose with increased flow to the 
heart. 
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With reduced filling, e.g. after haemorrhage or occlusion of the inferior 
vena cava, baroreceptors in the right branch of the pulmonary artery 
sometimes showed a brief discharge in time with atrial systole (e.g. Fig. 2). 
In the present experiments this activity consisted of one or two impulses 
only, although occasionally it may be prolonged throughout atrial systole 
to form a conspicuous volley (Coleridge & Kidd, 1960a, Fig. 8). Since these 
adventitious discharges were not related to any corresponding event in the 
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Fig. 1. Simultaneous recording of pressure in the pulmonary artery and impulse 
activity in pulmonary arterial baroreceptor fibres. Records A and B were made in 
different animals. In this and subsequent figures the following abbreviations are 
used: e.c.g., electrocardiogram; P, potentials recorded from pulmonary arterial 
baroreceptor fibre; P.A.P., pressure in pulmonary artery (mm Hg); Z, zero reference 
line for optical manometer; R, tracheal pressure (upstroke representing inflation); 


t, time trace (1/50 sec). 


pulmonary arterial pressure trace, and were thought to be due to distortion 
caused by right atrial contraction, they have been ignored for the purposes 
of determining threshold. 

In observations on ten pulmonary arterial baroreceptors the threshold 
pressures (systolic/diastolic) were within the range 16-25/7-13 mm Hg. 
The threshold of a particular receptor sometimes varied slightly; in one 
instance, for example, the threshold gradually rose from 19/7 to 25/10 mm 


Hg over a period of 2 hr. 
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Since receptors in the pulmonary artery could be identified only when 
they were active, repeated infusions of blood or dextran solution were 
given to maintain a high pulmonary arterial pressure during the search for 
their afferent fibres in the vagus nerves. Nevertheless, the possibility can- 
not be excluded that receptors with a high threshold may have been over- 
looked because they were inactive under the conditions of our experiments. 
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Fig. 2. Determination of threshold of pulmonary arterial baroreceptor (larger 
spikes). A, before occlusion of inferior vena cava; between A and B a ligature was 
tightened round the vena cava just above the diaphragm; the ligature was slowly 
released during B. In B note the one or two spikes in time with the P wave of the 
e.¢.g.; the receptor was in the right pulmonary artery (see text). 


It was not possible to determine the threshold of one of the eleven 
baroreceptors investigated. Although activity in this fibre was at first 
reduced when pulmonary arterial pressure was lowered, with further 
reduction in pressure the cardiovascular pattern of activity was gradually 
replaced by a continuous discharge. Previous workers have observed a 
continuous discharge in some baroreceptor endings in the carotid sinus at 
low pressures (e.g. Landgren, 1952); the activity was thought to be due to 
deformation of the vessel wall at these low pressures. 

When pulmonary arterial pressure was raised in steps above the thres- 
hold (Fig. 3B) the baroreceptors signalled each rise in pressure with an 
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Fig. 3. Effect of alterations in pulmonary arterial pressure on pulmonary baro- 
receptor discharge. Records A and B were obtained in different animals. A, pul- 
monary arterial pressure (previously raised by infusion of dextran) was gradually 
lowered by haemorrhage. B, pulmonary arterial preasure was gradually raised by 
transfusion of blood previously taken from the animal. In B, note a second active 
fibre (smaller spikes) firing irregularly in the first and continuously in the third record. 


impulses 
e ——@ 
anne 


impulses/ cardiac cycle 


Frequency 
nine 


o~ 


“* Ses 


Max. frequency (impulses/sec.) 


Systolic» —®*—e— eae eng. 
eo e@ apne 


10}- Dlastolic_,——* 


PAP. (mm Hg) 


de ee ee ee ee ee ee 
i 2ntaeiw©6 4 @ 286 2 So 
Respiratory cycles 

Fig. 4. Relationship between pulmonary baroreceptor discharge and pulmonary 
arterial pressure during intravenous infusion of blood (the pressure had previously 
been lowered by bleeding). The points plotted extend over the duration of 14 con- 
secutive respiratory cycles. In each respiratory cycle measurements were made 
on the cardiac cycle at the peak of inflation. From above downwards: number of 
impulses per cardiac cycle; maximum frequency of discharge (impulses/sec); 
systolic and diastolic pulmonary arterial pressure (im Hg). 
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increase in both the number of impulses per heart beat and the maximum 
frequency of discharge, as in the example plotted in Fig. 4. Peak fre- 
quencies of 200-300 impulses/sec occurred with pulsatile pressures of about 
45-50/20-25 mm Hg. Attempts to obtain higher pressures usually led to 
dilatation and failure of the right ventricle. Consequently we were unable 
to study the behaviour of these receptors at higher pressures. 


Effect of pulsatile pressure 

The firing of pulmonary baroreceptors was obviously influenced by the 
pulsatile nature of the pressure changes in the pulmonary artery; for 
activity normally occurred in systole and early diastole and did not become 
continuous even when diastolic pressure was raised above the original 
systolic level. In general, for a given systolic pressure, pulmonary baro- 
receptor discharge was greater the greater the pulse pressure; conversely, 
for a given pulse pressure, impulse activity was greater the higher the 
systolic pressure. Consequently alterations in pulmonary arterial pressure 
had the greatest effect on baroreceptor activity when systolic and pulse 
pressures changed in the same direction. Thus impulse activity invariably 
increased when both systolic and pulse pressures rose (Figs. 2, 3B); while 
activity was always reduced when systolic and pulse pressures fell together 
(Fig. 3.4). 

By contrast, alterations in receptor activity were less predictable when 
systolic and pulse pressures changed in opposite directions. Thus systolic 
pressure always rose when the lung roots were occluded, but sometimes 
diastolic pressure rose more than systolic and pulse pressure fell. This 
reduction in pulse pressure was particularly liable to occur during pro- 
longed occlusion of the lung roots (Fig. 5). By comparison of the records 
depicted in A and B it can be seen that both systolic and diastolic pressures 
increased after occlusion, and in two of the cardiac cycles in B there was 
a large increase in pulse pressure. Clearly the effective stimulus to the 
receptors had increased in these two cycles; for both the discharge fre- 
quency and the number of impulses per heart beat were augmented. How- 
ever, continued occlusion (C and D) led to a reduction in pulse pressure 
which was associated with decreased baroreceptor activity (Fig. 5D), even 
though systolic pressure was still above the original level (Fig. 5A). In 
this instance, presumably, the increase in systolic pressure in D as com- 
pared to A was offset by the simultaneous reduction in pulse pressure and, 
on balance, the effective stimulus was reduced. 

The relationship between puisatile pressure and receptor discharge was 
further investigated in experiments on the isolated pulmonary artery (see 
Methods). The effects of pulsatile and non-pulsatile distension of the 
isolated artery are compared in the records shown in Fig. 6, where in A a 
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pulsatile pressure set up a discharge, but a steady pressure, greater than 
the previous systolic pressure, produced no discharge at all (B), Return to 
pulsatile distension (C) showed that the receptor was still active. The 
discharge shown in Fig. 6A and C appears sparse by comparison with the 
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Fig. 5. Effect of occlusion of lung roots on pulmonary arterial pulse pressure and 
pulmonary baroreceptor activity. A, before occlusion; B, C and D during 
occlusion of the lung roots. Intervals of approximately 2, 3 and 1 sec between 
records A and B, B and C, and C and D respectively. 
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Fig. 6. Comparison of the effects of pulsatile and steady pressure in the isolated 
pulmonary artery on pulmonary baroreceptor discharge. Records A-C and D-F 
were made in different animals (note different camera speeds). In A, C, D and F 
the artery was distended with a pulsatile pressure, and in B and FE with a steady 
pressure. Note the variations in impulse frequency with the oscillations at the peak 
of the pressure waves in D and F. The zero reference lines in A—C have been 
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baroreceptor activity recorded with normal circulation through the intact 
pulmonary artery (see previous figures). This was probably due to the 
small pulse pressure and the comparatively slow rate of change of pressure. 
The more rapid ascent of the pressure pulse in experiments on another 
fibre (Fig. 6D—F) was associated with a much higher impulse frequency. 
Once again, a pulsatile pressure (D) caused a maximum frequency of dis- 
charge which exceeded that produced by non-pulsatile distension (Z£) at 
a pressure higher than the previous systolic pressure. 


DISCUSSION 


The thresholds of the ten pulmonary arterial baroreceptors investigated 
lay within the range 16-25/7-13 mm Hg. These values lie towards the 
lower end of the range of pressures variously quoted for the ‘normal’ 
pulmonary arterial pressure in both the anaesthetized and unanaesthetized 
dog (e.g. Hamilton, Woodbury & Vogt, 1939; Katz & Steinitz, 1940; 
Hiirlimann & Wiggers, 1953; Simmons, Hemingway & Ricchiuti, 1958). 
Hence these particular receptors were active at the pressures normally 
prevailing in the pulmonary circulation of the dog. Moreover, there was 
a conspicuous increase in baroreceptor activity with a comparatively 
small increase in pressure above the threshold level. Thus, with a pulsatile 
circulation through the pulmonary artery, all receptors showed marked 
activity when the pressure was raised to 35/15 mm Hg. 

Within the general observation that impulse activity increased with the 
pressure in the pulmonary artery, distension with a pulsatile pressure 
rising to a particular systolic value was found to produce a higher frequency 
of discharge than did non-pulsatile distension at the same pressure. This 
is in accordance with the observations of Ead, Green & Neil (1952), who 
found that a pulsatile pressure was more effective than a steady pressure in 
evoking a discharge from carotid sinus baroreceptors. In addition to the 
magnitude of the pulse pressure, i.e. the difference between systolic and 
diastolic pressures, the significance of the rate of rise of pressure in deter- 
mining the frequency of discharge of receptors in the carotid sinus has been 
emphasized by Landgren (1952). However, in our experiments the magni- 
tude and abruptness of the pressure pulse usually changed in the same 
direction with alterations in pressure within the pulmonary artery, and it 
was not possible to assess their relative importance. 


SUMMARY 
1. The relatiorship between pulmonary arterial pressure and the 
impulse activity recorded from pulmonary arterial baroreceptor fibres has 
been investigated in anaesthetized dogs. 
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2. The thresholds of ten pulmonary arterial baroreceptors were within 
the range 16--25/7-13 mm Hg (systolic/diastolic). These values lie towards 
the lower end of the range of pressures variously quoted for the normal 
pulmonary arterial pressure in the dog. 

3. The baroreceptors signalled each rise in pressure above the threshold 
with an increase in the frequency of discharge and the number of impulses 
per cardiac cycle. Frequencies of 200-300 impulses/see occurred during 
systole with pressures of about 45-50/20-25 mm Hg. 

4. In both the intact and the isolated pulmonary artery pulsatile 
pressure was a more effective stimulus to the receptors than was a steady 
pressure. 


We are indebted to Dr W. J. O’Conror for valuable criticism. We wish to thank 
Mrs Barbara James and Mr E. 8. Stainthorpe for technical assistance. 
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